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ABSTRACT 

We present azimuthally averaged radial profiles of i?-band surface brightness for a complete sample 
of 47 early-type, unbarred galaxies, as a complement to our previous study of early-type barred 
galaxies. Following very careful sky subtraction, the profiles can typically be determined down to 
brightness levels well below 27 mag arcsec -2 and in the best cases below 28 mag arcsec -2 . We 
classified the profiles according to the scheme used previously for the barred sample: Type I profiles 
are single unbroken exponential radial declines in brightness; Type II profiles ("truncations") have an 
inner shallow slope (usually exponential) which changes at a well defined break radius to a steeper 
exponential; and Type III profiles ( "antitruncations" ) have an inner exponential that is steeper, giving 
way to a shallower outer (usually exponential) decline. 

By combining these profiles with previous studies, we can make the first clear statements about 
the trends of outer-disk profile types along the Hubble sequence (including both barred and unbarred 
galaxies), and their global frequencies. We find that Type I profiles are most frequent in early- type 
disks, decreasing from one-third of all SO-Sa disks to barely 10% of the latest type spirals. Conversely, 
Type II profiles (truncations) increase in frequency with Hubble type, from only ~ 25% of SO galaxies 
to ~ 80% of Sd-Sm spirals. Overall, the fractions of Type I, II, and III profiles for all disk galaxies 
(Hubble types SO-Sm) are: 21%, 50%, and 38%, respectively; this includes galaxies (~ 8% of the 
total) with composite Type 11+111 profiles (counted twice). 

Finally, we note the presence of bars in ten galaxies previously classified (optically) as "unbarred" . 
This suggests that ~ 20% of optically unbarred galaxies are actually barred; the bars in such cases 
can be weak, obscured by dust, or so large as to be mistaken for the main disk of the galaxy. 
Subject headings: galaxies: structure — galaxies: elliptical and lenticular, cD — galaxies: spiral 



1. INTRODUCTION 

The behavior of surface brightness — a proxy for stel- 
lar surface density — in the outer most regions of galaxy 
disk s was first discussed in de t ail by Ivan der Kruiti (|1979f ) 
and Ivan der Kruit fc Searld (|1981] [1982J), who argued 
that disks did not extend as a pure exponential to the 
limits of detection, but instead showed a sharp or abrupt 
decline in surface brightness at a radius of several scale 
lengths; they termed this phenomenon disk "truncation" . 
More recentl y, mea surements in the CCD era, notably 
IPohlen et al.l (I2002T) using deep photometry of face-on 
galaxies, have shown that a more accurate description 
of a truncation can be provided by a "double" or "bro- 
ken" exponential fit to the radial light profile of the 
disk, in which a steeper exponential breaks away from 
a shallower inner exponential at a well defined galac- 
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tocentric radius, the "break radius" . Measurements of 
samples of increasing size and representativity beyond 
the predominantly late- type spirals of van der Kruit 's 
pioneering studies have shown that there are several phe- 
nomena in play, including extended exponential profiles 
without detectable truncatio ns (e.g.. IWeiner et al1l2001l : 
iBland-Hawthorn et al.l l2005) , as well as the phenomenon 
of "antitruncation" , where the surf ace-brightness pro- 
file becomes shallower at large radii (jErwin et~a^l2005l : 
iHunter fc Elmegreenll200l . 

A comprehensive classification s cheme — an ex ten- 
sion of that origi nally made by [F reemari i (I1970D - 
has been proposed (lErwin et al.ll2005l : IPohlen fc Truiillol 
I2006t lErwin et all 120081 hereafter Paper I), in which 
disk profiles are grouped according to the specific be- 
haviour of the declining brightness in the outer disk. 
This global scheme includes Type I profiles, which show 
a single exponential profile extending to at least five 
scale lengths without sign of truncation; Type II profiles 
( "truncations" ) , which are truncated with a steeper outer 
exponential; and Type III profiles ("antitruncations"), 
which are antitruncated with a shallower outer profile. 
For a more detailed breakdown of this classification and 
some suggest ed links with phy s ical p rocesses we refer 
the reader to IPohlen fc Truiillol (|2006l hereafter PT06) 
and Paper I. Analysis of HST images has shown that all 
three types of profil es are present in spiral galaxies out to 
redshifts of z ~ 1 rtPered l2004t iTruiillo fc Pohlenl 120051: 
lAzzollini et~alll2008l : iBakos et al.ll2011| ). 

Theoretical interest in outer-disk profiles has tra- 
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ditionally focused on the idea of explaining trunca- 
tions, usually attributed to angular m omentum lim- 
its in the collapsing protogalactic cloud (|van der Kruitl 
1987) or thresholds in star formation due to changes 
in the gas density or phase at large radii (e.g. , 
Kennicuttlll989HSchavell2004tlElmegreen fe Hunterll2006t 
Bieiel et all 12010ft . More recent studies have ex- 
amined the influ ence of radi al diffusion driven by 

transient spirals (Ros kar et al.l l2008b|) and cosmolog- 
ically motivated simulat i ons, including accretion and 
warps flFovle et al.l 12008): ISanchez-Blazauez et al.l 120091 : 
iMartrnez-Serrano et al.l I2009T ). lYounger et aLl (|2007l ) 
looked at minor mergers as a possible mechanism for cre- 
ating antitruncations. 

Paper I studied the profiles of early type barred galax- 
ies. The present paper is directly complementary, in that 
we confine our attention to (nominally) unbarred galaxies 
meeting the same sample selection criteria. We might ex- 
pect to find differences between the two subsamples, since 
we unders tand both from Paper I and from theoretical 
models by iDebattista et all (|2006f ) that the presence of 
a Type II profile might be related to the effects of spi- 
ral or bar resonances; the nature and significance of such 
differences will be examined in a future paper. In any 
case, the sample analyzed here taken together with the 
sample of Paper I forms a representative sample of early 
type disks. Combined with the sample in PT06, which 
includes late type barred and unbarred spirals, it allows 
us to investigate trends with Hubble type and the global 
frequencies of disk profiles. 

We begin, in Section [2J with the selection criteria for 
our objects, an explanation of the sources of our images 
and how we have processed them, and how we derived 
the surface brightness profiles. In Section [3] we summa- 
rize the classification scheme in sufficient detail to make 
the process clear to the reader. In Section |4] we discuss 
evidence for previously undetected bars in a number of 
our galaxies, and draw some conclusions about the frac- 
tion of misclassified galaxies in standard catalogs, such 
as RC3. In Section [5] we quantify the trends in the fre- 
quencies of profile types with varying Hubble type, the 
global frequencies of the different profiles, and the sim- 
ilarity or lack thereof between Type I profiles and the 
inner and outer components of the other profile types; 
in Section [6] we give some brief conclusions. Finally, Ap- 
pendix [X] presents descriptive notes on the derived pro- 
files, galaxy by galaxy. 

2. THE GALAXY SAMPLE AND THE DATA USED 

2.1. Sample selection criteria 

The sample presented here is the unbarred counterpart 
to the barred-galaxy sample presented in Paper I. The 
parent samp le was defined as: all galaxies in the UGC 
(|NilsonlH973h with major axis diameter (-D25) larger than 
2 arcminutes (i.e. relatively large objects), whose ra- 
tios of major to minor axis are less than 2 (i.e. not 
highly inclined objects), redshift <= 2000 km s _1 (lo- 
cal), with RC3 morphological types in the range SO to 
Sb (i.e. relatively early types), with declination above 
-10 degrees (i.e. observable from the northern hemi- 
sphere). Virgo cluster galaxies, except for SO's, were 
excluded to avoid uncertainties ab out the consistency of 
the Hubble classification in Virgo (jvan den BergUH976t 



iKoopmann fc Kennev| [l998) . The sample here is the un- 
barred subset of the parent sample: those galaxies with 
RC3 classifications of SA or S (the latter formally means 
that no bar classification is available) , as well as those SB 
and SAB galaxies whic h we re judged to la ck true bars by 
lErwin fc Sparkel (pOOl and|Erwin| (pOOl . (We excluded 
NGC 2655 from the latter set because it appears to be in 
the midst of an interaction; see Sparke et al. 2008.) See 
Section|4]for more details on previously undetected bars. 

We then removed the following galaxies because they 
gave strong evidence for being edge-on systems, de- 
spite their low axis ratios: NGC 3630, NGC 4474, and 
NGC 4638. The low axis ratios generally stem from the 
fact that these appear to be bulge-dominated SO galaxies. 
We also removed NGC 4382 because we were unable to 
determine a clear outer-disk orientation for this galaxy, 
due to strong changes in ellipticity and position angle 
(without evidence for bars, rings, or spiral arms). This 
leads us to suspect that it may not be a true SO galaxy; 
the fact that it h ad one of the very highest fi ne-structure 
measurements in iSchweizer fe Seitzen (|1992f ) suggests it 
may more of an elliptical- like merger remnant. Finally, 
we also removed NGC 3414, which is a peculiar system 
that may be a polar-ring galaxy; the outer isophotes ap- 
pear hexagonal, and it is not clear whether the thin, 
bright structure bisecting the galaxy is an extraordinarily 
thin bar or an edge-on disk. 

In Table [1] we have listed the 47 galaxies in the sam- 
ple with their global properties. Most of the basic data 
for the sample galaxies (coordinat es, ffes, redshift, etc.) 
were found in the RC3 catalog (|de Vaucouleurs et al.l 
119911 ). LEDA catalogs (Lyon-Meudon Extragalactic 
Database^!) or from the NASA/IPAC Extragalactic 
Database (NEEP^Ii . References for galaxy distances are 
given in the table. The majority of these are kine- 
matic distances using the Virgocentric-inflow-corrected 
velocities given by LEDA and a Hubble constant of 
Hq = 75 km s _1 Mpc -1 , while the next largest set of dis- 
tances are s urface-brightness flu ctuation measurements, 
mostly from iTonrv et al] 1)20011), incorporating t he sug- 
gested metallicity correction of iMei et al.l (|2005| ). which 
amounts to subtracting 0.06 from the distance moduli in 
Tonry et al. 

We note that after a detailed analysis of the images, 
a number of the "unbarred" galaxies turned out to have 
bars (and a fraction of these even have two bars!); Sec- 
tion |4] discusses the individual cases and Table [7] presents 
the bar parameters for these galaxies. Despite the fact 
that these galaxies have proved to be barred rather than 
unbarred, we included them in our full outer-disk analy- 
sis (though they are grouped with other barred galaxies 
when we discuss population properties). 

2.2. Sources of the images used 

In Table [2j we give a list of the galaxies and relevant in- 
formation about the observations and calibrations. This 
table lists the image sources used for generating the 
surface-brightness profiles, along with the exposure time 
and calibration method used. 

The largest subset of images (22 galaxies) came from 
an observing run with the Wide Field Camera (WFC) 

9 http://leda.univ-lyonl.fr 

10 http:/ /nedwww. ipac. caltech.edu 
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TABLE 1 

Basic Galaxy Data 



Galaxy 


Type (RC3) 


Distance 


Reference 


-R25 


scale 


PA 


i 


M B 








(Mpc) 




(") 


(PC/") 


(°) 


(°) 




(km S — ) 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


IC 356 


SA(s)ab pec 


15.1 


4 


157 


73 


100 


43 


-21.2 


320 


IC 499 


Sa 


28.8 


4 


63 


140 


78 


59 


-19.3 




NGC 278 


SAB(rs)b 


11.0 


4 


63 


53 


155 


19 


-19.4 


181 


NGC 949 


SA(rs)b 


11.0 


1 


72 


53 


145 


62 


-18.5 


95 


NGC 972 


Sab 


21.7 


4 


99 


105 


147 


61 


-20.4 


151 


NGC 1068 


(R)SA(rs)b 


14.2 


4 


212 


69 


77 


36 


-21.2 


198 


NGC 1161 


SO 


27.8 


4 


85 


135 


20 


51 


-21.1 




NGC 2300 


SAO 


29.3 


4 


85 


142 


84 


54 


-20.6 




NGC 2460 


SA(s)a 


22.2 


4 


74 


108 


29 


52 


-19.6 


194 


NGC 2775 


SA(r)ab 


18.0 


4 


128 


87 


165 


39 


-20.5 


303 


NGC 2985 


(R')SA(rs)ab 


21.1 


4 


137 


102 


178 


36 


-20.7 


237 


NGC 3031 


SA(s)ab 


3.6 


2 


807 


18 


150 


58 


-20.7 


225 


NGC 3032 


SAB(r)0° 


21.4 


1 


60 


104 


93 


33 


-18.7 




NGC 3169 


SA(s)a pec 


16.5 


4 


131 


80 


55 


13 


-20.2 


391 


NGC 3245 


SA(r)0° 


20.3 


1 


97 


99 


178 


56 


-20.0 




NGC 3455 


(R')SAB(rs)b 


15.8 


4 


74 


77 


62 


57 


-17.1 


109 


NGC 3599 


SAO 


19.8 


1 


81 


96 


16 


22 


-18.7 




NGC 3604 


SA(s)a pec 


21.4 


4 


63 


101 


18 


49 


-19.3 


173 


NGC 3607 


SA(s)0° 


22.2 


1 


117 


108 


126 


29 


-20.9 




NGC 3619 


(R)SA(s)0+ 


23.8 


4 


81 


115 


66 


19 


-19.5 




NGC 3626 


(R)SA(rs)0+ 


19.5 


1 


81 


95 


162 


49 


-19.8 




NGC 3675 


SA(s)b 


12.9 


4 


177 


63 


172 


64 


-20.1 


213 


NGC 3813 


SA(rs)b 


21.9 


4 


67 


106 


85 


71 


-19.9 


111 


NGC 3898 


SA(s)ab 


18.9 


4 


131 


92 


107 


53 


-20.5 


274 


NGC 3900 


SA(r)0+ 


25.9 


4 


95 


126 


1 


61 


-20.0 




NGC 3998 


SA(r)0°? 


13.7 


1 


81 


67 


136 


38 


-19.4 




NGC 4138 


SA(r)0+ 


13.4 


1 


77 


65 


150 


55 


-18.4 




NGC 4150 


SA(r)0° 


13.7 


1 


70 


66 


146 


50 


-18.3 




NGC 4223 


SA(s)0+ 


16.5 


2 


61 


80 


126 


59 


-18.2 




NGC 4281 


S0+ 


23.8 


1 


91 


115 


86 


66 


-19.7 




NGC 4369 


(R)SA(rs)a 


16.6 


4 


63 


81 


53 


19 


-18.8 


134 


NGC 4459 


SA(r)0+ 


16.1 


3 


106 


78 


102 


38 


-19.8 




NGC 4578 


SA(r)0° 


16.3 


3 


99 


79 


31 


47 


-18.8 




NGC 4736 


(R)SA(r)ab 


5.1 


1 


337 


25 


119 


30 


-20.0 


191 


NGC 4750 


(R)SA(rs)ab 


25.4 


4 


61 


123 


173 


12 


-20.3 


193 


NGC 4772 


SA(s)a 


14.5 


4 


102 


70 


147 


46 


-19.2 


279 


NGC 4826 


(R)SA(rs)ab 


7.3 


1 


300 


35 


113 


61 


-20.6 


153 


NGC 4880 


SA(r)0+ 


19.7 


4 


95 


95 


159 


13 


-18.5 




NGC 4941 


(R)SAB(r)ab 


15.0 


4 


109 


73 


21 


18 


-19.3 


185 


NGC 5273 


SA(s)0° 


16.1 


1 


83 


78 


9 


31 


-18.6 




NGC 5485 


SA0° pec 


25.2 


1 


70 


122 


167 


•19 


-19.7 




NGC 5520 


Sb 


28.5 


4 


60 


138 


64 


62 


-19.5 


138 


NGC 6340 


SA(s)0/a 


20.2 


4 


97 


98 


175 


20 


-19.8 




NGC 7217 


(R)SA(r)ab 


14.9 


4 


117 


72 


89 


28 


-20.3 


306 


NGC 7457 


SA(rs)0-? 


12.9 


1 


128 


62 


126 


58 


-18.9 




UGC 3580 


SA(s)a pec 


19.3 


4 


102 


94 


7 


64 


-18.7 


104 


UGC 4599 


(R)SA0° 


28.2 


4 


60 


137 


91 


24 


-17.4 





No te. — Basic data fo r the g alaxies in our sample. Col. (1) Galaxy name; (2) Classification 
from dc Vaucoulcurs ct al. (1991) (RC3); (3) Distance i n Mpc; (4 ) Refe rence for distance: 1 = 
ITonrv et al.l H200ll ), including metallicity correction fromJMei et al.l (120051) . 2 = IFreedmanl {2001), 
3 = mean distance to Virgo Cluster from Mei ct al. ( 2007)), 4 = radial velocity, corrected for Local 
Group infall onto Virgo (from LEDA), using Hq = 75 km s — 1 Mpc -1 ; (5) Half of the corrected 
fj,g = 25 magnitude diameter Do from RC3; (6) Scale in pc arcsec - 1 ; (7 ) and (8) Position angle 
and inclination of the outer disk, measured in this work (see Section 12.41 1; (9) Absolute B magni- 
tude, using the corrected apparent magnitude Btc from LEDA and the distance in column 3; (10) 
Maximum rotation velocity calculated using the apparent maximum rotation velocity of gas Vmaxg 
from LEDA corrected for inclination in column 8. 
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TABLE 2 

Observations and Calibrations 



Galaxy Telescope/Instrument Date t exp (s) Calibration Notes 



IC 356 


INT-WFC 


2004-03-16 


2x600 


standards 


IC 499 


INT-WFC 


2004-03-16 


2x600 


standards 


NGC 


278 


INT-WFC 


2004-12-11 


3x 60 


standards 


NGC 


949 


INT-PFCU 


1994-12-04 


240 


PH98 


NGC 


972 


JKT/JAG 


2000-11-01 


2x1200 


J04 


NGC 


1068 


SDSS 


DR5 


54 


SDSS 


NGC 


1161 


INT-WFC 


2004-03-16 


30 


standards 


NGC 


2300 


INT-WFC 


2004-03-16 


60 


standards 


NGC 


2460 


INT-WFC 


2004-03-14 


2x600 


standards 


NGC 


2775 


SDSS 


DR5 


54 


SDSS 


NGC 


2985 


JKT/JAG 


2003-03-08 


3x300 


N07 


NGC 


3031 


SDSS 


DR5 


54 


SDSS 


NGC 


3032 


SDSS 


DR5 


54 


SDSS 


NGC 


3169 


INT-WFC 


2004-03-14 


2x600 


standards 


NGC 


3245 


INT-WFC 


2004-03-16 


60 


standards 


NGC 


3455 


SDSS 


DR5 


54 


SDSS 


NGC 


3599 


INT-WFC 


2004-03-14 


2x600 


standards 


NGC 


3604 


INT-WFC 


2004-03-15 


2x600 


standards 


NGC 


3607 


SDSS 


DR5 


54 


SDSS 


NGC 


3619 


SDSS 


DR5 


54 


SDSS 


NGC 


3626 


SDSS 


DR5 


54 


SDSS 


NGC 


3675 


SDSS 


DR5 


54 


SDSS 


NGC 


3813 


SDSS 


DR5 


54 


SDSS 


NGC 


3898 


SDSS 


DR5 


54 


SDSS 


NGC 


3900 


INT-WFC 


2004-03-14 


600 


standards 


NGC 


3998 


INT-WFC 


2004-03-16 


60 


standards 


NGC 


4138 


SDSS 


DR5 


54 


SDSS 


NGC 


4150 


INT-WFC 


2004-03-17 


60 


standards 


NGC 


4223 


SDSS 


DR5 


54 


SDSS 


NGC 


4281 


SDSS 


DR5 


54 


SDSS 


NGC 


4369 


INT-WFC 


2004-03-15 


2x600 


standards 


NGC 


4459 


SDSS 


DR5 


54 


SDSS 


NGC 


4578 


SDSS 


DR5 


54 


SDSS 


NGC 


4736 


INT-WFC 


2004-03-17 


120 


standards 


NGC 


4750 


INT-WFC 


2004-03-17 


2x600 


standards 


NGC 


4772 


SDSS 


DR5 


54 


SDSS 


NGC 


4826 


INT-WFC 


2004-03-17 


2x600 


standards 


NGC 


4880 


SDSS 


DR5 


54 


SDSS 


NGC 


4941 


INT-WFC 


2004-03-15 


2x600 


standards 


NGC 


5273 


INT-WFC 


2004-03-16 


2x600 


standards 


NGC 


5485 


INT-WFC 


2004-03-15 


2x600 


standards 


NGC 


5520 


SDSS 


DR5 


54 


SDSS 


NGC 


6340 


INT-WFC 


2004-03-14 


600 


standards 


NGC 


7217 


JKT/JAG 


2000-05-31 


4x600 


K06 


NGC 


7457 


JKT/JAG 


2002-09-09 


3x600 


PH98 


UGC 


3580 


INT-WFC 


2004-03-14 


2x600 


standards 


UGC 


4599 


INT-WFC 


2004-03-17 


2x1200 


standards 



Note. — In the Calibration column, "standards" indicates calibration using 
simultaneous observations of Landolt standard sta r s, wh ile PH98 indicates use of 
aperture photomet ry from IPr ugnicl & Hcraudeau ( 1998 ;); J04, calibrations from 
James et al. (2004); N07, calibrations from Noordcrmccr & van dcr Hulst (2007); 
and K06, calibration s from lKassin et a l. (2006). Notes: 1 = Calibration based on 
Knapen et al. (2004); 2 = archival data; 3 = V-band image calibrated to Cousins 
R (see text); 4 = B-band image only. 
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of the Isaac Newton Telescope (INT) of the Roque de 
los Muchachos Observatory (ORM) La Palma, Spain, 
in the period 14th-17th March 2004. The conditions 
were photometric, although the seeing varied consider- 
ably (between 0.8" and 3.4"). Even the worst seeing in 
this run does not, however, pose a real problem for our 
work, since we treat data from the outer parts of the 
disks where averages over relatively large areas are used. 
All of the INT-WFC images used in this work were ac- 
quired with the r filter, with one exception: UGC 4599. 
We did make observations of this galaxy in the r band in 
a previous run (December 2003); however, the resulting 
images were dominated by scattered light and not nearly 
as useful as the £>-band image acquired in March 2004. 
Consequently, we used the latter for this galaxy^ 

For 19 of the galaxies, we used Data Relea se 5 (DR5) 
of the Sloan Digital Sky Survey (SD SigD (lYork et al.1 
120001: lAdelman-McCarthv et all 120071) . As discussed in 
PT06 and Paper I, the highly uniform sky background 
of the SDSS images means that we can use them to de- 
rive profiles extending further out than might naively be 
thought, given the relatively short exposure times. 

Images for six galaxies were taken from the archive 
of the Isaac Newton Group at the Astronomical Data 
Centre of the Cambridge Astronomical Search Unit 
(CASUjB Four of these were taken with the Jacobus 
Kapteyn Telescope (JKT) and two with the Isaac New- 
ton Telescope. We used images taken with R or r fil- 
ters for all but one of these galaxies; the exception was 
NGC 7457, for which the best available image was in the 
V band calibrated to R (see Section 12. 3. 3|) . 

For those objects where we have both SDSS and INT- 
WFC images we have used the latter, as they are deeper, 
except for those few cases where there are strong back- 
ground variations or other imperfections. 

2.3. Image processing 
2.3.1. Image preparation 

The images we took from the SDSS were already re- 
duced. However, in some cases we had to merge adjacent 
fields from the same imaging run in order to obtain the 
complete image of the galaxy. Only for NGC 3032 did we 
merge images from different runs, photometrically cali- 
brating each image separately, subtracting the sky back- 
ground, and correcting for the factor equivalent to the 
zero point difference before merging (see Section 12.3.31 
for more details on the calibration). 

For the INT-WFC images we had to reduce the raw 
images; we flat-fielded and bias-corrected them, and cor- 
rected for the non-linearity of the WFC CCDs found 
by the Isaac Newton Group and the Cambridge Astro- 
nomical Survey Unit's INT Wide Field Surveyo Align- 
ment of multiple exposures was performed using stan- 
dard IRAlP^ltasks. After alignment and sky background 
correction the images were combined using the IRAF 
task imcombine, which was done for all cases except those 

11 Analysis of the r-band images does result in a similar profile, 
albeit more limited by sky-background uncertainty. 

12 http://www.sdss.org/dr5/ 

13 http:/ /casu. ast.cam.ac.uk/casuadc/archives/ingarch 

14 See http://www.ast.cam.ac.uk/~wfcsur/technical/foibles/ 

15 Image Redu ction and Analysis Facility (IRAF); 
http: / /iraf.noao.edu 



few for which only a single exposure was available. For 
all but two of the INT-WFC observations, the galaxies 
fit inside the central CCD chip (Chip 4 of the mosaic), 
and so we did not need to create a mosaic. The excep- 
tions were NGC 4736 and NGC 4826, which were large 
enough to overfill Chip 4. For these galaxies, we created 
mosaic images by copying the individual chip images into 
a single image, using appropriate rotatio ns and offsets as 
determined by lEliche-Moral et al.l (|2006l ). 

Archival images taken with the JKT and the INT- 
PFCU were reduced in similar fashion. 

2.3.2. Sky subtraction and image masking 

A key part of the reduction of our images was the sky 
subtraction, which is of critical importance when mea- 
suring the faint outer parts of the disk. We used the 
technique described in detail in Paper I. The SDSS im- 
ages were easier to handle because their sky backgrounds 
were highly uniform. However, for all the galaxies in the 
sample we first probed the background for large scale 
variations, applying a median filter with a 9x9 pixel box 
across the whole image. If a gradient was present, we 
used the IRAF task imsurfit to correct the original im- 
age. For using this task we selected rectangular regions 
of the sky that did not include galaxies or bright stars. 

Following this, we subtracted off a background level 
whose value was measured in clean areas of the image 
far from the edge of the detectable surface brightness in- 
crement due to the galaxy, and avoiding cosmetic chip 
defects, stars and field galaxies. A typical background 
estimate used median values from a set of 70-100 boxes, 
each 10x10 pixels in size. The mean value of the in- 
dividual medians was then calculated; the uncertainty 
on this mean a s k y was calculated by bootstrap resam- 
pling. (See Paper I for a more detailed discussion of this 
methodology.) As was done by PT06 and Paper I, we de- 
rive a confidence limit for our surface brightness profiles 
corresponding to 4.94 tJ s k y , which is the surface bright- 
ness level where an error of one cr s k y in the background 
measurement would change the profile by 0.2 magnitudes 
arcsec -2 . In our graphical presentations of the profiles 
(Figure HU see Section I2.4|) we have plotted them until 
they become obviously noisy, in general down to a little 
below this defined uncertainty limit, which typically lies 
between 26.0 and 28.0 mag arcsec -2 . We note that 8 
of the galaxies in the sample have uncertainty limits at 
values fainter than 28.0 mag arcsec -2 . 

The masking process is an important feature of our 
procedure. It entails flagging those regions which contain 
bright stars, or field galaxies, or instrumental defects (re- 
flections, ghosts, bad columns etc.). The flagged regions, 
marked out as circles, ellipses, rectangles or polygons via 
the DS9 image display, are converted to IRAF pixel-list 
(.pi) format mask images, which the ellipse-fitting rou- 
tine uses to identify masked pixels. We found that in gen- 
eral the INT-WFC images required more masking than 
those from the SDSS, and galaxies closer to the Galactic 
plane also required considerable masking. 

2.3.3. Image Calibration 

To maintain as uniform a calibration scheme as possi- 
ble we have standardized our images on the Cousins R 
band. For many galaxies we used standard stars as cali- 
brators, in others we calibrated indirectly using aperture 
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TABLE 3 
Cousins R Calibrations for SDSS 
Images 



Galaxy ZP r ZP g g-r ZP R 



NGC 


1068 


26. 


25 


26 


.55 





.64 


26 


.02 


NGC 


2775 


26. 


25 


26 


.61 





.77 


26 


.01 


NGC 


3031 


26 


20 


26 


.56 





.81 


25 


.95 


NGC 


3032 


26. 


.19 


26 


.54 





.54 


25 


.97 


NGC 


3455 


26. 


15 


26 


. 11 





.39 


25 


.95 


NGC 


3607 


26 


.11 


26 


.13 





.76 


25 


.89 


NGC 


3619 


26. 


.23 


26 


.53 





.73 


25 


.99 


NGC 


3626 


26 


25 


26 


.69 





.67 


26 


.02 


NGC 


3675 


26 


22 


26 


.53 





.79 


25 


.97 


NGC 


3813 


26 


23 


26 


.52 





.51 


26 


.02 


NGC 


3898 


26. 


.23 


26 


.67 





.75 


25 


.99 


NGC 


4138 


26. 


.19 


26 


.56 





.71 


25 


.95 


NGC 


4223 


26. 


22 


26 


.52 





.76 


25 


.97 


NGC 


4281 


26. 


25 


26 


.57 





.79 


26 


.00 


NGC 


4459 


26 


.27 


26 


.73 





.83 


26 


.01 


NGC 


4578 


26. 


26 


26 


.58 





.77 


26 


.02 


NGC 


4772 


26 


23 


26 


.18 





.71 


25 


.99 


NGC 


4880 


26. 


.20 


26 


.58 





.66 


25 


.97 


NGC 


5520 


26. 


22 


26 


.67 





.52 


26 


.01 



Note. — Cousins R calibrations for 
galaxies with images taken from the SDSS. 
Columns: (1) Galaxy name; (2) and (3) 
SDSS zero points calculated using the as- 
sociated tsField tables; (4) g—r color deter- 
mined from aperture photometry; (5) zero 
points for Cousins- . R mag nitude, found as 
described in Section 12.3.31 

photometry from the literature, and for the SDSS im- 
ages we converted the SDSS r zero points to Cousins R. 
To do that, as in Paper I, we determined the appropri- 
ate Cousins zero p oint via the following expression from 
ISmith et all (l200l : 

ZP R = ZP r -0.14( 5 -r)-0.14 (1) 

where ZP^ is the Cousins R zero point and g — r is the 
corresponding color for the galaxy (see Paper I for de- 
tails). We determined g—r with circular apertures, using 
the largest apertures possible which did not extend be- 
yond the main body of the galaxy. The photometry used 
the IRAF task apphot from the digiphot package. Ta- 
ble [3] lists the g — r colors and the resulting Cousins R 
zero points for the set of galaxies taken from the SDSS. 

The i?-band calibrations for our 2004 INT-WFC run 
were based on simultaneous standard star observations 
and were presented in Paper I. These calibrations require 
an observed B—R color for each galaxy. In most cases, we 
us ed B—R colors from the apertu re photometry collected 
in lPrugniel fc Heraudeaul (fl99l): for NGC 5 273 we used 
the value published bv iBarwav et all (|2005| ). For those 
galaxies where we could not find a published value, we 
assumed the following mean (unreddened) values for the 
different Hubble types (see Paper I): SO: B — R = 1.5; 
SO/a & Sa: B-R = 1.4; Sab & Sb: B-R = 1.3. We 
then applied Gal actic reddening base d on the values in 
NED (taken from lSchlegel et aLlll998l ) to estimate what 
the observed B — R color would be for those galaxies. In 
Table H we list the galaxies observed with the INT-WFC 
and their corresponding B — R values. 

Images of the galaxies NGC 278, NGC 949, NGC 972, 
NGC 2985, NGC 7217, and NGC 7457 were obtained 
from the ING archive and did not, in general, have 



TABLE 4 

Colors for Galaxies Observed with INT-WFC 



Galaxy 


B-R 


Galaxy 


B-R 


Galaxy 


B-R 


IC 356 


2.27 


NGC 3604 


1.48 


NGC 4826 


1.37 


IC 499 


1.51 


NGC 3900 


1.55 


NGC 4941 


1.41 


NGC 1161 


1.86 


NGC 3998 


1.53 


NGC 5273 


1.31 


NGC 2300 


1.67 


NGC 4150 


1.53 


NGC 5485 


1.62 


NGC 2460 


1.52 


NGC 4369 


1.44 


NGC 6340 


1.53 


NGC 3169 


1.46 


NGC 4736 


1.33 


UGC 3580 


1.49 


NGC 3245 


1.53 


NGC 4750 


1.38 


UGC 4599 


1.55 


NGC 3599 


1.25 











accompanying standard-star observations. We cali- 
brated these images using aperture photometry (with 
the IRAF task apphot), compared with published aper- 
ture data: For NGC 27 8 we used photometric data 
from iKnapen et all (12004ft for NG C 949 we used data 
from iHeraudeau fc Simienl (fl996h . for NGC 972 two 
aperture measurements kindly provided by Phil James 
(private communication, based on data from James 
et al. 2004), for NGC 2985 the " R(m 25 )'g| value of 
INoordermeer fc van der HuTsil (l200l. and for NG C 7217 
the Cousins- R magnitude of IKassin et al.l ((2006) . 

In the case of NGC 7457, the best available image was 
actually a F-band observation from the ING Archive. 
We transformed this to the i?-band using aperture 
photometry from iPrugniel fc Heraudea"ul (|1998l ). Since 
the B — V and B — R co lor profiles for this galaxy in 
IMichard fc PovTiai n (2000) are almost flat, this is proba- 
bly a reasonable approach, and the true i?-band profile 
will not be significantly different from ours. 

2.4. Ellipse fitting and deriving the surface brightness 

profiles 

Radial surface brightness profiles can be constructed 
by fitting ellipses to the galaxy isophotes. There are two 
basic ways to do this. The first ("free" fitting) leaves 
the ellipticity and position angle of the ellipses as free 
variables, along with the mean surface brightness, to be 
determined for each value of the semi-major axis. The 
second method ("fixed" fitting) fixes the values of the 
ellipticity and position angle to that of the outer disk, so 
that only the mean surface brightness is a free parameter. 
The latter method has the virtue that one is effectively 
averaging around concentric circles of the deprojected 
galaxy. Distortions due to smaller scale features (e.g. 
spiral arms) tend to be smoothed out, although if promi- 
nent they can still be traced in the global profile. This 
technique was used effectively by PT06 and in Paper I; 
see the latter for discussion of why free-ellipse fitting can 
produce distortions in surface-brightness profiles if strong 
non-axisymmetric structures are present. 

Our basic approach is the same as in Paper I: we use 
free-ellipse fitting to help determine the orientation (ap- 
parent ellipticity and position angle) of the outer disk. 
The values given in Table [T] are the results of this pro- 
cess. That table lists inclination i for each galaxy, de- 
rived from the outer-disk ellipticity e using the formula 
(|Hubbldll926l ) 

16 The R magnitude integrated out to D25, the isophotal diam- 
eter at 25 mag arcsec - 2 . 
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where q a is the intrinsic flattening of the disk, for which 
we assumed that the outer disk is an a xisymmetric e l- 
lipsoid with axis ratio q a = c/a = 0.2 (jde GriidH998h . 
Once this is done, we re-run the ellipse-fitting software 
(the ellipse task in IRAF) in "fixed" mode, with elliptic- 
ity and position angle held constant to the values of the 
outer disk. When deriving the surface brightness profiles 
using fixed fitting we took a logarithmic radial sampling 
interval, with steps which increase the radius by 3% each. 
The surface brightness value obtained is the median value 
for the pixels in the given elliptical annulus. Using the 
median helps ensure that cosmic rays, bad pixels, faint 
stars, etc., are not included in the result. 

We fitted exponentials to those parts of the radial sur- 
face brightness profiles where the plots, in magnitude vs 
linear radius, are clearly linear. Tests using a subsample 
of galaxies suggest that typical uncertainties due to the 
exact choice of fitting range are ~ 0.1 mag for the central 
surface brightnesses [io and ~ 2% for the scale length. 
In a few cases (notably for NGC 4578 and NGC 4772; 
see Figure IT4"f we have excluded from the fit those ra- 
dial ranges where there was clearly a local flux excess, 
a "bump" due to the presence of a particularly strong 
non-exponential feature, such as a ring. 

The outer limits to our fits have been determined by 
the confidence limit of the profile brightness, set at 4.94 
(T s ky (see Section 12 .3. 2p . 

3. THE CLASSIFICATION SCHEME 

In this paper we will be using t he cl assification scheme 
first put forward in lErwin et al.l (|2005[ ) and further elab- 
orated in PT06 and Paper I. This consists of three basic 
profile types: Type I, a single continuous exponential de- 
cline in surface brightness with no change in slope; Type 
II, a double (or broken) exponential, changing from a 
shallower inner slope to a steeper outer slope at a de- 
fined galactocentric radius; and Type III, similarly a dou- 
ble/broken exponential, but this time changing from a 
steeper inner slope to a shallower outer slope at a de- 
fined galactocentric ra dius. This nome nclature is based 
on the original work of iFreemanl (|1970f) who first distin- 
guished Types I and II. 

Type II profiles have a number of subclasses (see PT06 
and Paper I for diagrammatic representations). If a 
galaxy is barred, then we can distinguish between Type 
II. i or Type II. o, depending on whether the "break", 
the change in exponential slope, occurs inside ("i") or 
outside ("o") the radius of the end of the bar. Type 
II. o can be divided again into two: Type II.o-OLR and 
Type II.o-CT. It has been suggested (Paper I) that the 
former are caused by dynamical effects associated with 
the Outer Lindblad Resonance (OLR). These breaks are 
found typically at radii between 2 and 3 bar lengths, 
which is the zone where outer rings are normally found. 
Type II.o-CT, "classical truncations", do not bear any 
obvious dynamic relation with any measured features, 
and we conjecture that they are in some way related 
to a star for mation threshold, and not to the OLR 
of a bar (e.g . . iSchavd l2004t lElmegreen fc Hunterl 120061 : 



iRoskar et al.l l2008at iSanchcz-Blazq uez et al.l I2009TT In 



certain ambiguous cases, we leave the classification as 
"II. o" . For unbarred galaxies, like the vast majority of 
those in this paper, the subtypes reduce to II-CT or II- 
AB (the latter being "asymmetric break" profiles, which 
do not appear in our sample; PT06 see them only in Sc 
- Sd galaxies). 

Finally, Type III profiles can also be divided into sub- 
types, this time based on the apparent morphology of the 
outer component. Type Ill-d profiles are those where we 
infer that the outer (shallower) part of the profile is still 
part of the galaxy's disk, either because we see clear spi- 
ral structure in this region or because the observed cllip- 
ticity does not change significantly. In Type III-s profile, 
on the other hand, we see evidence for the outer compo- 
nent being due to a separate, rounder structure: e.g., an 
outer "spheroid" . The main evidence for this scenario 
is the presence of isophotes which become systematically 
rounder beyond the break radius. For face-on galaxies 
(e.g., inclination < 30°), the distinction is often difficult 
or impossible (unless there are positive disk-morphology 
indications, such as spiral arms at large radii), and so we 
leave these profiles with a basic "III" classification. We 
note that in Type Ill-d profiles the change in slope of the 
brightness profile between inner and outer components is 
often abrupt, while for Type III-s profiles the transition 
at the break radius is gradual (as expected if light from 
the spheroid is dominating over light from the disk). In 
a few cases, where the classification was not very clear 
we left the profile classified as Type III-d(?), or Type 
III-s(?), with the question mark. 

As found by PT06 and Paper I, there are a minority of 
profiles which show Type II behaviour in the inner radial 
range, and Type III behaviour outside. The profiles are 
composed of three exponential sections, one internal, a 
second further out with a steeper slope, and a third out- 
ermost section with a shallower slope than the second. 
In Table [S] of this article we list 5 galaxies identified as 
Type II + III; these galaxies are: IC 499, NGC 3455, 
NGC 3813, NGC 4369, and NGC 5273. 

4. BARS IN "UNBARRED" GALAXIES 

As noted above (Section [2]), the sample studied in this 
paper was intended to consist solely of unbarred galaxies; 
this includes some galaxies classified as barred in the RC3 
whi ch were, for vario us re asons, judged to be unbarred 
(see lErwin fc Sparkdl20"ol lErwinil2005( ). Nonetheless, it 
is by now well accepted that large optical surveys such as 
RC3 sometimes miss bars, especially when galaxies are 
so dusty t hat the bars are mor e easily seen in infrared 
light fe.g.. lEskridge et all [2000). Accordingly, we have 
carefully examined each of the galaxies in our sample 
(making use of near-IR images when possible, as well as 
prior studies of each galaxy in the literature) for "hidden" 
bars. This examination has turned up a total of ten 
galaxies classified as unbarred which do host bars. 

We also include in this section, 2 galaxies which were 
in fact classified as barred by RC3, but for which argu- 
ments had previously been made for the absence of bars, 
resulting in their exclusion from Paper I and inclusion 
in this sample. In some cases, we agree with the argu- 
ments (e.g., NGC 3032 and NGC 3455), but in the case 
of NGC 278 and NGC 4941 we now argue that these 
galaxies do have bars. 

Undetected bars in optically "unbarred" galaxies fall 
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TABLE 5 

Outer-Disk Profile Classifications and Measurements 





Profile Tvne 

V 2 ) 


h 

III 

tl 


ii 
ti 


-f^brk 
// 

(K\ 
V>) 


1^0, i 
W 


f^0,o 
(<) 


Mbrk 
(°) 


IC 356 


Ill-d 


32.9 


65.7 


69 


19.41 


20.47 


21.6 


IC 499 


II.o-CT + III-s 


24.0 


12.5 


49 


20.41 


18.36 


22.7 






12.5 


50.7 


80 


18.36 


24.44 


25.3 


NGC 278 


III 


14.1 


35.1 


65 


18.19 


21.26 


23.0 


NGC 949 


Ill-d 


31.0 


117.6 


138 


20.36 


23.95 


25.0 


NGC 972 


III-s 


23.2 


53.5 


105 


19.50 


22.21 


24.2 


NGC 1068 


II.o-OLR 


125.7 


73.7 


190 


21.37 


20.31 


23.0 


NGC 1161 


I 


92.9 




> 327 


22.50 




> 26.4 


NGC 2300 


I 


141.4 




> 525 


22.49 




> 26.6 


NGC 2460 


II-CT 


49.7 


28.4 


176 


21.87 


19.00 


25.9 


NGC 2775 


III-d(?) 


26.8 


61.4 


90 


18.71 


20.75 


22.1 


NGC 2985 


Ill-d 


18.1 


81.0 


69 


18.57 


21.76 


21.8 


NGC 3031 


II.o-OLR 


185.8 


111.4 


520 


19.37 


17.38 


22.4 


NGC 3032 


I 


18.9 




> 110 


20.49 




> 26.9 


NGC 3169 


I 


53.6 




> 360 


20.50 




> 27.9 


NGC 3245 


III-s 


18.9 


85.3 


120 


18.72 


23.28 


24.5 


NGC 3455 


II-CT + Ill-d 


16.9 


9.9 


23 


19.69 


18.64 


21.2 






9.9 


21.1 


40 


18.64 


21.00 


22.9 


NGC 3599 


I 


23.1 




> 168 


19.97 




> 27.8 


NGC 3604 


Ill-df?) 


17.2 


42.8 


80 


20.18 


23.09 


25.1 


NGC 3607 


I 


82.1 




> 360 


21.45 




> 26.3 


NGC 3619 


Ill-d 


29.4 


38.4 


100 


20.67 


21.39 


24.3 


NGC 3626 


I 


21.6 




> 142 


19.20 




> 26.3 


NGC 3675 


III-s 


44.9 


79.2 


153 


19.07 


20.60 


22.7 


NGC 3813 


II-CT + III-s 


19.6 


12.7 


44 


18.55 


17.20 


21.0 






12.7 


38.1 


71 


17.20 


21.26 


23.3 


NGC 3898 


Ill-d 


30.0 


59.9 


111 


19.54 


21.53 


23.3 


NGC 3900 


Ill-d 


26.7 


189.2 


158 


20.12 


25.53 


25.6 


NGC 3998 


Ill-d 


23.7 


122.0 


122 


19.41 


23.84 


24.5 


NGC 4138 


Ill-d 


15.8 


21.6 


54 


18.32 


19.33 


22.0 


NGC 4150 


III-s 


13.1 


21.1 


70 


18.63 


20.81 


24.3 


NGC 4223 


III-s 


27.3 


46.1 


120 


20.26 


22.25 


25.0 


NGC 4281 


III-s 


19.1 


92.0 


91.0 


18.58 


22.66 


20.6 


NGC 4369 


II.o + III 


24.5 


14.7 


50.0 


20.44 


19.02 


22.8 






14.7 


67.7 


114 


19.02 


25.61 


27.3 


NGC 4459 


Ill-d 


36.4 


58.1 


119 


19.87 


21.25 


23.4 


NGC 4578 


I 


26.9 




> 155 


20.03 




> 27.1 


NGC 4736 


II.o-OLR 


541.8 


134.7 


373 


22.6 


20.33 


23.5 


NGC 4750 


Ill-d 


24.2 


53.9 


158 


19.90 


23.82 


26.9 


NGC 4772 


I 


49.7 




> 255 


21.42 




> 26.9 


NGC 4826 


III-s 


58.2 


303.1 


370 


18.18 


23.86 


24.7 


NGC 4880 


II 


37.8 


21.9 


68 


21.07 


19.69 


23.1 


NGC 4941 


I 


28.5 




> 232 


19.56 




> 28.4 


NGC 5273 


II-CT + Ill-d 


22.1 


15.9 


58 


19.83 


18.75 


22.7 






15.9 


23.0 


83 


18.75 


20.48 


24.4 


NGC 5485 


I 


113.5 




> 400 


23.17 




> 27.9 


NGC 5520 


I 


12.4 




> 82 


19.34 




> 26.9 


NGC 6340 


III 


26.6 


50.5 


110 


19.87 


22.00 


24.2 


NGC 7217 


III 


24.3 


63.1 


79 


18.76 


20.99 


21.8 


NGC 7457 


Ill-d 


22.1 


33.2 


42 


19.01 


19.74 


21.0 


UGC 3580 


I 


27.3 




> 158 


20.98 




> 27.4 


UGC 4599 


Ill-d 


42.2 


64.1 


121 


24.05 a 


25.07 a 


27.2 a 



Note. — Classification and measurements of disks surface brightness profiles. 
Surface brightnesses are observed values, and have not been corrected for Galactic 
extinction, inclination, or redshift. Note that Type I profiles by definition have 
no "outer" part and have only lower limits for the break radius and /^brk- F° r 
galaxies with composite profiles (IC 499, NGC 3455, NGC 3813, NGC 4369, and 
NGC 5273), we list values for both the inner zone (Type II) and the outer zone 
(Type III). Columns: (1) Galaxy name; (2) Profile classification as explained in 
text; (3) and (4) Scale length for the inner and outer exponential fits, respectively; 
(5) Position of break point on the profile; (6) and (7) Central i?-band surface 
brightness in mag arcsec -2 for the inner and outer exponential fits, respectively; 
(8) Surface brightness at the break point. 
a B-band values 
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TABLE 6 

Disk Parameters in Physical and Relative Units 



Galaxy 


hi 


hi 


h 


h 


Rbrk 


^brk 


Rbrk 




(R25) 


(kpc) 


(R25) 


(kpc) 


(R25) 


(kpc) 


{hi) 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


IC 356 


0.21 


2.41 


0.42 


4.81 


0.44 


5.05 


2.10 


IC 499 


0.38 


3.35 


0.20 


1.75 


0.78 


6.85 


2.04 




0.20 


1.75 


0.81 


7.08 


1.28 


11.18 


6.40 


NGC 278 


0.22 


0.75 


0.56 


1.87 


1.04 


3.47 


4.63 


NGC 949 


0.43 


1.65 


1.63 


6.25 


1.92 


7.34 


4.45 


NGC 972 


0.23 


2.44 


0.54 


5.62 


1.06 


11.03 


4.53 


NGC 1068 


0.59 


8.68 


0.35 


5.09 


0.89 


13.11 


1.51 


NGC 1161 


1.10 


12.54 










> 3.52 


NGC 2300 


1.67 


20.06 










> 3.72 


NGC 2460 


0.67 


5.35 


0.39 


3.06 


2.38 


18.91 


3.54 


NGC 2775 


0.21 


2.33 


0.48 


5.34 


0.70 


7.83 


3.36 


NGC 2985 


0.13 


1.86 


0.59 


8.28 


0.50 


7.01 


3.78 


NGC 3031 


0.23 


3.27 


0.14 


1.96 


0.64 


9.15 


2.80 


NGC 3032 


0.32 


1.96 










> 5.82 


NGC 3169 


0.41 


4.28 










> 6.71 


NGC 3245 


0.19 


1.86 


0.88 


8.40 


1.24 


11.82 


6.35 


NGC 3455 


0.23 


1.30 


0.13 


0.76 


0.32 


1.78 


1.38 




0.13 


0.76 


0.29 


1.62 


0.55 


3.09 


4.10 


NGC 3599 


0.29 


2.22 










> 7.27 


NGC 3604 


0.27 


1.79 


0.68 


4.45 


1.28 


8.31 


4.65 


NGC 3607 


0.56 


8.83 










> 4.38 


NGC 3619 


0.36 


3.39 


0.48 


4.43 


1.24 


11.55 


3.40 


NGC 3626 


0.27 


2.04 










> 6.57 


NGC 3675 


0.25 


2.81 


0.45 


4.95 


0.87 


9.59 


3.42 


NGC 3813 


0.29 


2.08 


0.19 


1.35 


0.65 


4.60 


2.23 




0.19 


1.35 


0.57 


4.05 


1.05 


7.52 


5.57 


NGC 3898 


0.23 


2.75 


0.46 


5.49 


0.85 


10.16 


3.70 


NGC 3900 


0.28 


3.35 


1.99 


23.75 


1.67 


19.84 


5.92 


NGC 3998 


0.29 


1.58 


1.51 


8.13 


1.51 


8.13 


5.14 


NGC 4138 


0.21 


1.03 


0.28 


1.40 


0.70 


3.52 


3.41 


NGC 4150 


0.19 


0.85 


0.30 


1.37 


1.00 


4.54 


5.35 


NGC 4223 


0.45 


2.18 


0.75 


3.69 


1.96 


9.60 


4.40 


NGC 4281 


0.21 


2.20 


1.02 


10.60 


1.0 


10.48 


4.76 


NGC 4369 


0.39 


1.98 


0.23 


1.19 


0.80 


4.03 


2.04 




0.23 


1.19 


1.08 


5.46 


1.91 


9.68 


8.16 


NGC 4459 


0.34 


2.84 


0.55 


4.52 


1.12 


9.27 


3.27 


NGC 4578 


0.27 


2.12 










> 5.76 


NGC 4736 


1.61 


13.29 


0.40 


3.30 


1.11 


9.14 


0.69 


NGC 4750 


0.40 


2.98 


0.88 


6.63 


2.59 


19.48 


6.55 


NGC 4772 


0.49 


3.50 










> 5.13 


NGC 4826 


0.19 


2.05 


1.01 


10.69 


1.23 


13.05 


6.36 


NGC 4880 


0.40 


3.61 


0.23 


2.09 


0.72 


6.49 


1.80 


NGC 4941 


0.26 


2.07 










> 8.14 


NGC 5273 


0.27 


1.72 


0.19 


1.24 


0.70 


4.52 


2.62 




0.19 


1.24 


0.28 


1.79 


1.00 


6.47 


5.22 


NGC 5485 


1.61 


13.89 










> 3.52 


NGC 5520 


0.21 


1.71 










> 6.61 


NGC 6340 


0.27 


2.60 


0.52 


4.94 


1.13 


10.77 


4.14 


NGC 7217 


0.21 


1.76 


0.54 


4.56 


0.68 


5.71 


3.25 


NGC 7457 


0.17 


1.38 


0.26 


2.07 


0.33 


2.62 


1.90 


UGC 3580 


0.27 


2.55 










> 5.79 


UGC 4599 


0.71 


5.77 


1.07 


8.76 


2.02 


16.54 


2.87 



Note. — As for Table [5] but now listing outer-disk parameters in 
alternate units. Columns: (1) Galaxy name; (2) and (3) Scale lengths 
for the inner exponential fits in units of R25 and kpc, respectively; (4) 
and (5) Scale lengths for the outer exponential fits in units of i?25 and 
kpc, respectively; (6), (7), and (8) Radius of the break point on the 
profile in terms of i?25, kpc, and the inner scale length. 
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into three general categories. The first are small- or 
medium-sized bars which are relatively weak and which 
have no accompanying rings or dust lanes; these may, es- 
pecially in relatively featureless SO galaxies, be difficult 
to distinguish with photographic plate data, due to the 
combination of poor resolution and contrast. Figures [lj 
HH and E] show bars in IC 499, NGC 3031, NGC 3599, 
and NGC 3998. In all cases, the bars are relatively small, 
but show up in ellipse fits and unsharp masks (the charac- 
teristic feature of many bars in unsharp masks is caused 
by the sharp drop in surface brightness at the bar ends; 
see, e.g., Erwin & Sparke 2003). Additional evidence for 
the (outer) bar in NGC 3031 comes from an isophote 
morphology which indicates a vertically thickened bar 
seen at an intermediate angle (see Erwin & Debattista, 
in prep, for more details). 

The second class of hidden bar consists of small- or 
medium-sized bars which have been obscured by dust; 
these are then best seen with near-infrared images. The 
most famous example of this in our sample is NGC 1068, 
whose (inner) bar was first pointed out bv lScoville et al.l 
(11988ft. Other e xamp les include: NGC 3031, where 
lElmegreen et al.l (|1995l) used near-IR images to point 
out the existence of a small, weak bar in the center o f 
this galaxy; NGC 3626, where lLaurikainen et al.l (|2005T ) 
found both a large-scale bar and evidence for a nuclear 
bar using if- band images (see Figure [5]); NGC 4369, in 
which a small, strong bar was reported bv iKnapen et al 



(2000), based on th e near-IR images of iPeletier et al 
(19991); NGC 4736 (IShaw et al.l [1993L IMollenhoff et al 
[19951) : and NGC 4750 (ILaine et al.l 12002ft . " 



The third class of hidden bars are those in galaxies 
where the bar is so large, and the disk outside the bar 
so low in contrast and surface brightness, that the bar 
has been mistaken for the outer disk; it then requires 
deeper imaging to bring out the true outer disk and 
show that the bar is more elliptical and (often) mis- 
aligned with respect to the outermost isophotes. A dis- 
cussion of this phenomenon for the case of NGC 524 8 
(not part of our sample) is given bv Uogee et all (pool . 
When the bar is relatively weak (i.e., not highly ellip- 
tical), these are sometimes referred to as "oval disks" 
(IKormendv fe Normanlll979l) . NGC 1068 and NGC 4736 
are also examples of this phenomenon (where here we re- 
fer to their large, outer bars, not the dust-obscured inner 
bars discussed in the previous paragraph). 

As noted above, NGC 1068, NGC 3031, NGC 4736, 
and NGC 4750 all have small bars which can be seen 
clearly only in near-IR images; such bars are sometimes 
referred to as "nuclear" bars, though in the case of 
NGC 1068 the bar in question is almost three kpc in 
diameter. These galaxies also have much larger, weaker 
bars, which in some cases (e.g., on shallow images) can 
be mistaken for the outer disk (a partial exception is 
NGC 3031, which has obvious spiral structure extend- 
ing well outside the weak outer bar). Thus, they are 
actually <iowWe-barred galaxies (NGC 3626 may a lso fall 
into t his category; see lLaurikainen et al.ll2005T ). lErwinl 
(2004) summarizes the evidence for large-scale bars in 
NGC 1068 and NGC 4736. 

Figure [5] shows isophotes and ellipse fits for an archival 
3.6^m Spitzer image of NGC 4750 (Program ID 40349, 
PI Giovanni Fazio). There is a weak oval structure with 
a ~ 30", a position angle of ~ 125°, and ellipticity ~ 0.3. 



Insid e this oval i s a pa ir of spiral arms; these arms are 
what ILaine et al.l (|2002f) identified as an "outer bar" with 
a semi-major axis of 14". This interior spiral structure is 
an indication that the oval is not a conventional strong 
bar. Nonetheless, the oval is clearly misaligned with re- 
spect to the outer disk, and more elliptical, so we consider 
it a bar. 

A similar case is NGC 4941. A nuclear bar with semi- 
major axis ~ 250 pc was seen i n nea r-infrared images of 
this galaxy bv lGreusard et al~l ((2000), but those authors 
also argued that this was the only bar in the system, and 
that the RC3 classification of SAB was erroneous; this led 
to our excluding this galaxy from the barred-galaxy sam- 
ple of Paper I, since that paper was suppose d to include 
only g alaxies with large-scale bars. However, IKormendv! 
(1982) suggested that this galaxy have a (large-scale) 
"oval disk" like those in NGC 1068 and NGC 4736. Our 
analysis suggests that NGC 4941 is in fact a double-bar 
system analogous to those two galaxies. Figure [7] shows 
large-scale isophotes for this galaxy. 

The final and most ambiguous example is NGC 4772 
(see Figure[8|). This galaxy appears, at first glance to 
consist of a luminous, round bulge embedded in a highly 
inclined, dusty disk, whose axis ratio is given by RC3. 
The latter structure extends tor« 140" along its major 
axis. However, outside this elliptical structure there is 
a much fainter and rounder structure with slightly boxy 
isophotes, with a small twist with respect to the inner 
isophotes. This can be seen in the SPSS images, and 
was n oted previously in B-band images by lHavnes et al.1 
( 2000), who pointed out that these outer isophotes coin- 
cided with a rounder outer ring in the H I distribution. 
They also noted a misalignment between the inner stel- 
lar and Ha kinematics, suggestiv e of "a misalign e d disk 
or bar". The F-band image of lEskridge et all (2002) 
shows that the "disk" region isophotes become slightly 
rectangular-ended (at r ~ 80"), as is often the ca se for 
bars in early- type disks (|Athanassoula et aT]|1990f ). 

The overall appearance is quite similar to several other 
early-type spirals with large bars and faint outer rings, 
such as NGC 4941 (F igure [71) and NGC 5377 (see, e.g., 
lErwin fc Sparkdl2003f). Combi ned with the evidence de- 
scribed bv lHavnes et al.l (|2000D . this leads us to identify 
the bright, elliptical "disk" of NGC 4772 as a very large 
weak bar (or "oval disk" ) ; we note that lEskridge et al.l 
(2002) made a similar classification. Unfortunately, the 
faintness of the outer isophotes makes it somewhat diffi- 
cult to determine the true orientation of the disk, though 
the stellar kinematics of Haynes et al. do suggest that the 
major axis is close to 147°. 

We define the bar's ellipt icity and a may using ellipse 
fits to the H-band image of Eskridg e et al.l ((2002) , with 
the upper limit on its size being set by measurements 
of the star-forming ring (which we tentatively identify 
as an inner rin g ) usi ng the GALEX NUV image of 
iGil de Paz etaLl (|2007h . The isophotes remain highly el- 
liptical outside this region (out to a ~ 130"); it is unclear 
whether this should be considered part of the bar. 

Table [7] presents bar measurements for the g alaxies 
discus sed in this Section, using the approach of Erwin 
( 2005). For double-barred galaxies, we list just the large- 
scale "primary" bars. 

How common, then, are "hidden" or otherwise unrec- 
ognized bars? If we take the combined SO-Sb sample of 
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Fig. 1. — Evidence for a bar in the Sa galaxy IC 499. Upper left panel: _R-band isophotes, logarithmically spaced. Upper right panel: 
ellipse fits to the same image (position angle of outer disk is indicated by horizontal dashed line); the bar shows up primarily as a sharp 
twist in the position angles. Lower left panel: unsharp mask of the i?-band isophotes (same scale as upper left panel). 



TABLE 7 

Bar Parameters 



Galaxy 


Bar PA (°) 


G-max ( ) 


Cmin/aiO 


£bar(") 


f max 


IC 499 


49 


8.8 


... / ... 


10 





35 


NGC 278 


105 


15 


19/16 


16 





25 


NGC 1068 


12 


54 


75/89 


75 





24 


NGC 3031 


157 


134 


... / ... 


215 





10 


NGC 3599 


106 


11 


21/16 


16 





23 


NGC 3626 


172 


20 


35/46 


35 





53 


NGC 3998 


126 


7.8 


11/11 


11 





21 


NGC 4369 


156 


4.5 


■■■ /10 


10 





65 


NGC 4736 


90 


125 


170/ •■■ 


170 





23 


NGC 4750 


127 


33 


45/44 


44 





24 


NGC 4772 


146 


70 


... / ... 


80 





53 


NGC 4941 


17 


68 


... / ... 


95 





11 



Note. — Parameters for bars in galaxies previously classified as 
unbarred. a max is the semi-major axis of maximum isophotal ellip- 
ticity, closest to the bar end, and is a lower limit on bar size. a m i n 
is the semi-major axis of minimum ellipticity outside the bar end, 
while aio is the semi-major axis at which the position angle of fitted 
ellipses varies by more than 10° from the bar's position angle. Lbar 
is the adopted upper limit on bar size . (The minimum and maximum 
of these values are plotted in Fig. 1141 ) e ma x is the maximum isopho- 
tal ellipticity within the bar. For double-barred galaxies (NGC 1068, 
3031, 4736, and 4941, and possibly NGC 3626), we list measurements 
for the outer bar only; values for NGC 1068 and 4736 are taken from 
lErwinl (12001 1. 




Fig. 2. — As for Figure [ T] but now showi ng evidence for a large-scale ("outer") bar in the SAab galaxy NGC 3031 (M81), using the 
Spitzer IRAC1 image from i Dale et al.l p009t l. 
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Fig. 3. — As for Figure[T] but now showing evidence for a bar in the SAO galaxy NGC 3599. 



Paper I and this paper, we have a total of 38 galaxies clas- 
sified as optically unbarred (SA), and another 5 galaxies 
with no bar classification (S). Of these, we find bars in 
9 of the former (24 ± 7%) and 1 of the latter (~ 20%). 
Conversely, there appear to be no bars in twcFl of the 
76 optically barred (SB or SAB) galaxies in the com- 
bined sample; three more optically barred galaxies were 
excluded due to their being polar ring or merger systems 
(NGC 2146, NGC 2655, and NGC 2685). Roughly speak- 
ing, then, we can argue that < 5% of optically barred 
galaxies are mis-classified, while ~ 20% of optically un- 
barred galaxies prove, on closer inspection, to host bars. 

These misclassification fract ions are lower than those 
found by lEskridge et al.l (|2000f ) from their analysis of H- 
band images of a sample of spiral galaxies, where they 
found that half of the optically unbarred spiral galaxies 
showed the presence of a bar. Note that galaxies studied 
by Eskridge et al. are later types — predominantly Sbc 
and Sc — and therefore dustier. 



5. RESULTS AND DISCUSSION 



5.1 



Trends with Hubble Type and Global Frequencies of 
Disk Profile Types 

By combining the sample studied in this paper with 
that previously studied in Paper I and the late-type spi- 
rals (Sbc-Sdm) studied by PT06, we can, for the first 
time, see how profile types vary along the entire Hubble 

17 NGC 3032 and NGC 3455 



sequence of disk galaxies, and how common the different 
profiles are in the general population of disk galaxies. 

Figure |H] plots the fractions of the three main profile 
types as a function of Hubble type for the combined S0- 
Sdm samples. The bins for early-type disks (SO, SO/a- 
Sa, Sab-Sb) are taken from Paper I and this paper; 
profiles for late-type disks (Sbc-Sc, Scd-Sd, Sdm-Sm) 
are taken from PT06. (To avoid mixing different sam- 
ple selections into the same bin due the partial overlap 
at Sb between the early- and late-type samples, we ex- 
cluded the Sb galaxies in the PT06 sample.) The plot 
uses classifications for a total of 183 galaxies: 113 early- 
type disk galaxies from this paper and Paper I, and 
70 Sb c and later-type galaxies from iPohlen fc Truiillol 
(2006). For Type II we count all possible subtypes (e.g., 
II. i, II. o, II-AB, etc.) and all "composite-profile" galax- 
ies (i.e., II+III profiles). Similarly, the Type III frac- 
tions count all subtypes (III-d, III-s, and plain III) and 
all composite-profile galaxies. Composite-profile galax- 
ies are thus counted twice, so the totals in each bin may 
be greater than 1. The error bars are 68% confidence 
limits derived fr om the so-cal led "Wilson" binomial con- 
fidence interval ([Wilson 1927), rather than the commonly 
use d but inaccurate Gaussian ( "Wa ld" ) approximation; 
see iBrown. Cai. fc DasGuptal (|2001l ) for a discussion of 
these issues. 

Two fairly clear trends emerge from this figure. The 
first is the relatively small fraction of Type II profiles 
in early type disks, and the dramatic increase in later 



14 



Gutierrez et al. 





Fig. 4. — As for Figurefl] but now showing evidence for a bar in the SAO galaxy NGC 3998. 



Hubble types: while only ~ 25% of SO galaxies have 
Type II profiles, the fraction is ~ 80% for the very latest 
spirals. The second trend is a clear, though less dramatic, 
change in the frequency of Type I profiles, which are 
most common in early-type disks and least common in 
late-type spirals. 

We can also combine the various studies to estimate 
the global fractions of different profile types, although 
we must be careful in doing so, since the early and late- 
type samples were constructed differently and have dif- 
ferent degrees of completeness. The early-type sample 
studied in Paper I and this paper was constructed to 
cover field SO-Sb (and Virgo SO) galaxies from the UGC 
with S > —10°, axis ratios < 2.0, major-axis diame- 
ters L>25 > 2.0', and redshifts < 2000km s -1 ; it is es- 
sentially complete within these constraints. (Note that 
Virgo Cluster spirals were excluded from the sample.) 
The late-type sample of PT06 was constructed to cover 
Sb-Sdm galaxies with the same axis ratio restriction, but 
with a redshift limit of V < 3250 km s _1 , Galactic lati- 
tudes |6n| > 20°, and Mb < —18.4. Because their data 
source was Data Release 2 (DR2) of SDSS, the final sam- 
ple is incomplete: only ~ 15% of the galaxies found in 
the HyperLeda database meeting those criteria actually 
had DR2 images, and some of the images were not usable 
(e.g., galaxy too close to the edge of an image). Clearly, 
we cannot simply add up all the profile numbers across 
both samples and expect to get fully significant results. 

Instead, we correct the individual profile counts within 



each sample for selection effects, using a common no- 
tional parent sample, which we base on that of PT06: 
all disk galaxies (—3.5 < T < 8.5) in the Hyper- 
Leda database with axis ratios < 2.0 (logr25 < 0.301), 
V < 3250 kms" 1 , |6n| > 20°, and M B < -18.4. We 
then remove those galaxies from Paper I and this paper 
which do not meet the parent-sample criteria (a total of 
12 galaxies) and compute the completeness for the two 
observed samples (SO's and early-type spirals: 102/591; 
late- type spirals: 70/537); the inverses of these complete- 
ness fractions are used to scale the observed counts of 
profile types. 

From this we obtain our estimates for the global fre- 
quencies of disk-profile types: 21 ± 3% Type I, 50 ± 4% 
Type II, and 38±4% Type 111.0 Composite Type II+III 
profiles (e.g., IC 499, NGC 3455, NGC 3813, NGC 4399, 
and NGC 5273 in this paper) are here counted as both 
Type II and Type III; such profiles account for 8 ± 2% 
of the total. The frequency of "pure" Type III profiles is 
29 ±3%. 

5.2. Comparing Parameters for Different Disk Profile 

Types 

In Figure 1101 we plot histograms for the position of 
the break radius for Type II and III profiles, in units 

18 Uncertainties are estimated by rescaling all corrected counts 
so that the totals add up to the number of observed galaxies (172), 
and then calculating the Wilson confidence intervals. 
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Fig. 7.— /?-band contours for NGC 4941 (fi R = 27 to 17, in 
steps of 0.5 mag arcsec" 1 ). The large, oval bar is surrounded by 
an outer ring (a ~ 100"); the outer disk shows up as the outer set 
of elliptical isophotes. 




arc sec 



Fig. 8. — R-band contours for NGC 4772 (fj, R = 26 to 17, in steps 
of 0.5 mag arcsec - 1 ). The large, oval bar is surrounded by fainter, 
rounder isophotes forming what may be a partial outer ring. 

of JS25. This includes all galaxies from this study and 
Paper I (grouped together as "early-type" disks, left 
panel), along with separate plots for the late- type sam- 
ple of PT06 (right panel). We exclude the (rare) Type 
II. i profiles from this comparison. Although the median 
sizes of the break radii are not drastically different (e.g., 
0.79 i? 25 for Type II versus 1.02 R 25 for Type III in the 
early- type sample) , the Type III break radii clearly have 
a broader spread and are weighted toward larger val- 
ues. A Kolmogorov-Smirnov (K-S) test confirms that the 
differences between the two profile types are significant 
(P = 0.0022 for the early-type sample and P = 2.1 x 10~ 7 
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Fig. 9. — Frequencies of the basic outer-disk profile types along 
the Hubble sequence. This plot uses data from the combined sam- 
ple, including the early-type barred galaxies from Paper I and the 
late-type galaxies from PT06. Error bars represent 68% confidence 
intervals, based on the Wilson confidence interval for binomial 
statistics (see text). 

for the late- type sample) . Given that breaks at very large 
radii are harder to detect — since they are likely to occur 
at or beyond the reliability limit of our surface photom- 
etry — it is possible that we are underestimating the 
number of Type III breaks with radii > 2i?25- It is also 
worth noting that R25 is a surface-brightness limit, and 
so changes in the surface-brightness profile can in prin- 
ciple change R25 — if those changes happen interior to 
the Hb = 25 level. The sense of this change would actu- 
ally be the opposite of what we see: a truncation would 
bring i? 2 5 closer in, and thus make i?brk/^25 larger, while 
an antitruncation would push R25 further out, making 
Rbrk/ R25 smaller. If this effect is operating in our sam- 
ple (and it cannot be operating for those galaxies with 
Rbxk/Ris > 1) , it means that we are, if anything, under- 
estimating the difference between Type II and Type III 
break radii. 

Though truncated and antitruncated profiles differ, by 
definition, from the simpler Type I profiles, there may 
still be some underlying similarities. We could hypothe- 
size, for example, that the inner regions of Type II and 
III profiles (that is, the profile interior to the break ra- 
dius) are fundamentally similar to Type I profiles, so 
that the only real difference is in the region outside the 
break. Alternatively, there could be physical similari- 
ties between the outer parts of Type II or III profiles 
and Type I profiles — as well as the possibility that 
none of the sub-regions are similar. In Figures [TT] and 
[T2l we plot histograms of absolute disk scale lengths h, 
along with histograms of the extrapolated central surface 
brightnesses [Iq. These are plotted separately for the in- 
ner and outer components of Type II and III profiles, 
along with histograms of the same parameters for the 
single exponentials of Type I profiles. As with Figure 1X731 
we plot the early-type and late-type samples separately 

The only potential similarity that we can identify is 
between Type I profiles and the inner parts of Type II 
profiles. The latter do tend to have longer scale lengths 
and fainter fiQ values, but K-S tests do not rule the null 
hypothesis of the same parent population (P — 0.11 and 
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Fig. 10. — Histograms of break radii for Type II and III profiles, in units of R25, including barred and unbarred galaxies. The left-hand 
panel uses data from this paper and Paper I (SO-Sb galaxies), while the right-hand panel uses data from PT06 (Sbc-Sdm galaxies). The 
blue and hashed-black bars represent all the galaxies of each type in a given bin range, but are presented with the intervals between them 
for greater clarity, since we are plotting two histograms together. 



0.10 for scale lengths of early- and late- type disks, respec- 
tively; P = 0.18 and 0.14 for [iq values). So scenarios in 
which (at least some) Type II profiles are merely trun- 
cations of what would otherwise be Type I profiles are 
still plausible. Not surprisingly, the outer components of 
Type II profiles have significantly shorter scale lengths 
and brighter ^0 values, and do not match Type I profiles 
(P = 0.0012 and 0.0042 for early- and late-type scale 
lengths; P = 1.1 x 10~ 8 and 0.00025 for ^ ). 

Analysis o f the la te- type spirals in the PT06 sample by 
iBakos et~a l. ( 2008) showed that Type II profiles tend to 
have g — r color profiles that are bluest at the break 
(also seen for it — q colors in galaxies out to z ~ 1; 
lAzzollini et alJl2008[ ). Bakos et al. showed that the stel- 
lar surface-density profiles of late-type truncations were 
smoothed out — sometimes to the point of looking like 
Type I profiles. The difference between the stellar and 
the surface-brightness profiles is apparently due to the 
relative youth of stars near the break radius, with the 
stellar populations located away from the break (on both 
sides) being predominantly older. The difference we ob- 
serve between the parameters of Type I and (many) Type 
II profiles is at least broadly consistent with this: an ex- 
cess of light near the break due to younger stellar pop- 
ulations will tend to flatten the inner part of a Type II 
profile and push its estimated [1q to fainter values. 

However, we should note that there do exist individ- 
ual Type II profiles — in particular, some of the Type 
II.o-OLR profiles in Paper I — where the inner zone is 
either extremely flat (very large scale length) or simply 
not exponential (the latter values are obviously not in- 
cluded in the histograms and statistical tests), so not all 
Type II profiles can be characterized this way; see Erwin 
et al. (in prep) for more discussion of the differences in, 
and possible origins of, Type II profiles. 

On the other hand, we can probably rule out common 
parent populations for Type I profiles and both parts of 
Type III profiles. The inner components of Type III pro- 
files have shorter scale lengths and significantly brighter 
/xn values (P — 0.032 and 0.03 for early- and late-type 
scale lengths; P = 0.0037 and 0.00092 for /i ). This sug- 



gests that scenarios where Type III profiles are formed 
merely by adding or redistributing stars at large radii to 
a pre-existing Type I profile may not explain all such 
cases. This i n cludes the minor-merger simulations of 
lYounger et al.l (|2007t ). where the inner scale lengths of 
their Type III profiles were very similar to the initial 
(single-exponential) scale length of the primary galaxy. 
The scale lengths of Type III outer components do not 
differ drastically from those of Type I profiles (P = 0.015 
and 0.074 for early- and late-types), but the /j,q values 
do: Type III outer components have fiQ values ~ 1 mag 
arcsec -2 brighter (P = 0.0062 and 6.1 x 10" 5 ). 

Finally, in Figure [13] we plot the break radii (in units 
of R25) against the deprojected rotation velocities (left 
hand panels) and against absolute blue magnitude (right 
hand panels); we do this separately for Type II-CT, Type 
II-OLR, and Type III profiles. Rotation velocities are 
derived primarily from HypcrLeda observed gas rotation 
velocities (deprojected using our values for the inclina- 
tion) for spiral galax ie^l. supplemented b y stellar cir- 
cular velocities from iNeistein et al.l (|1999l ) for some of 
the SO galaxies from Paper I. Overall trends within each 
profile type arc weak or absent, except possibly for Type 
III profiles, where the break radius tends to be smaller 
for higher rotation velocities and luminosities. Type II- 
CT tend to occur in galaxies with low values of rotation 
velocity, compared to the Type II-OLR and Type III 
profiles; the median values of the rotation velocity for 
each profile type are 125.0, 193.7, and 195.7 km s _1 , re- 
spectively. This is probably due the higher frequency of 
classical truncations (II-CT) in late-type spirals, which 
tend to have lower rotation velocities. As PT06 show 
(their Figure 11), the majority of Type II profiles in Sc 
and later Hubble types are II-CT (amounting to ~ 40% 
of all Sc and later galaxies); by contrast, only ~ 5% of 
the SO-Sb galaxies in Paper I and this paper are II-CT. 

6. SUMMARY OF THE MAIN CONCLUSIONS 

19 Since gas in SO ga laxies is frequently misaligned with res pect 
to the stellar disk ("e.g.. IKuiiken et al.lll996l ; IDavis et alJI201U 1. we 
do not attempt to do this for SO galaxies. 
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Fig. 11. — Distributions of scale length h, in units of kpc, and of extrapolated central surface brightness fio. We show these separately 
for the inner and outer exponential fits where there is a truncation (Type II) or an antitruncation (Type III); these are compared in each 
panel with h or fio for the single exponentials of Type I p rofi les (hashed- black bars). This plot uses data from our sample data and includes 
the early-type barred galaxies from Paper I. As in Fig. 1101 the blue and hashed-black bars represent all the galaxies of each type in the 
given bin range, but are presented with the intervals between them for greater clarity. 
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Fig. 12. — As in Figure mi but this plot uses only data from the late-type galaxies (Sbc - Sbm) from PT06. 
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Fig. 13. — Plots of break radius, in units of R25, against rotation 
velocity (left column) and absolute magnitude (right column), sep- 
arately for Type II-CT, for Type II-OLR, and for Type III profiles. 
This plot uses data from the combined sample, including the early- 
type barred galaxies from Paper I and the late-type galaxies from 
PT06. Symbols are coded as follows: unbarred galaxies are circles, 
barred galaxies are diamonds; in the third row, small-size symbols 
are Type III-s profiles, medium-size symbols are Ill-d, and larger 
symbols are non-specific Type III profiles. 

In this paper, we have presented azimuthally averaged 
i?-band surface-brightness profiles for 47 early-type (S0- 
Sb) disk galaxies. These galaxies, mostly unbarred, com- 
plement and complete a sample of 66 barred SO-Sb galax- 
ies presented in Paper I. The profiles are derived from a 
variety of images, about half of them obtained with the 
Isaac Newton Telescope's Wide Field Camera and most 
of the rest from the Sloan Digital Sky Survey. The pro- 
fil es are c l assifie d following a scheme first sketched out 
in lErwinl (|2005| ) (based in part on the original scheme 
of Freeman 1970) and elaborated in PT06 and Paper I: 
Type I (profile is a single exponential), Type II (pro- 
file steepens at large radii, including so-called "trunca- 
tions" ) , and Type III ( "antitruncations" , where the pro- 
file becomes shallower at large radii). A small subset of 
the profiles are composite "Type 11+111" systems, where 
the inner part of the disk has a Type II shape, with an 
additional, shallower profile at the largest radii. 

Although the sample presented in this paper was in- 
tended to be purely unbarred galaxies, careful analysis of 
the images turned up bars of various sizes and strengths 
in a total of twelve of the galaxies. This implies that 
~ 20% of optically unbarred SO-Sb galaxies (that is, 
galaxies with RC3 classifications of S or SA) are actu- 
ally barred at some level. 

The combination of this paper's galaxies and those in 
Paper I forms a set of 113 SO-Sb disk galaxies with pro- 
file classifications. By combining this with the 70 Sbc- 
Sdm galaxies with profile classifications in PT06, we can 
make the first general statements about how common 
the different disk-profile types are, and their dependence 
on Hubble type in the local universe. The traditional 
idea that galaxy disks are either all pure exponential or 
all radially truncated, already weakened as a result of 
previous related studies on well resolved nearby galaxy 
images (Paper I; Erwin et al. 2005; PT06), is clearly not 
valid. The global frequencies we find are 21% Type I, 



50% Type II, and 38% Type III; 8% of the galaxies are 
composite Type II+III profiles. Including barred and un- 
barred galaxies, we find strong trends with Hubble type: 
Type II profiles increase from only ~ 25% of SO galaxies 
to ~ 80% of the latest-type spirals, while Type I profiles 
decrease in frequency from early-type disks (~ 30% of 
galaxies) to late- type spirals (only ~ 10% of galaxies). 
Comparisons of exponential fits to the different profiles 
suggests a possible similarity in slope and projected cen- 
tral surface brightness for Type I profiles and the inner 
parts of Type II profiles. However, neither the inner nor 
outer parts of Type III profiles resemble Type I profiles, 
which suggests that antitruncations are not simply excess 
light added at large radii to Type I profiles. 
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APPENDIX 

SURFACE BRIGHTNESS PROFILES AND SPECIFIC NOTES FOR EACH GALAXY 

In Figure [TJ] we present the surface brightness profiles of all the galaxies analyzed in this paper. They are the 
azimuthally averaged values of the surface brightness made using the ellipse fits discussed above, using calibrated 
i?-band images, plotted against position along the semimajor axis in arcsec and also in kpc. In each plot the level of 
4.94 <7 s ky is shown as a horizontal dashed line, and R25, taken from the NED (Nasa/IPAC Extragalactic Database), 
is shown with a vertical arrow. In the few galaxies where a bar was found to be present the bar length is indicated 
with vertical dotted lines, and any ring features have their radii noted with vertical dashed-dotted lines. Exponentials 
were fitted to sections of the surface-brightness profile where the log plots are linear. The boundaries of these sections 
were defined by eye; the Rbrk was defined as the point were the two fits intersect. See Section 4.5 of Paper I for a 
detailed description. The exponential fits are shown as one or more dashed straight lines superposed on the profiles. 
We now include specific notes on each galaxy. In the following notes when we refer to the bulge of the galaxy we mean 
the "photometric bulge" ; this is the region where the surface brightness profile becomes brighter at small radii than 
the inward projection of the disk (or the inward projection of the inner part of the disk in the case of Type II and III 
profiles). For each galaxy, along with the profile type, we list the RC3 classification, the same as shown in Table [TJ 

IC 356 (Ill-d; SA(s)ab pec): The disk of this galaxy dominates the light at r > 30" (2 kpc) from the center of 
the galaxy. The inner disk clearly shows spiral structure with multiple arms and dust lanes, and the bulge also shows 
dust lanes. Tightly wrapped spirals are clearly visible outside the antitruncation break, and the ellipticity is roughly 
constant out to r ~ 300", so this is a clear Ill-d profile. The profile is similar in some respects to that of NGC 4612 
(Paper I), though there is no bar in IC 356. 

IC 499 (II.o-CT + III-s; Sa): Though this galaxy is not classified as barred, we find an inner bar of length 
~ 10" (1.5 kpc) (Section^]). The profile has a clear Type II break at r ~ 48.5" (6.8 kpc); since this is more than four 
times the bar radius, we consider this a "classical truncation" rather than an OLR break. Further outside, we find 
an antitruncation at a radius of ~ 93" (13 kpc). The ellipticity declines from this point outwards, which leads to our 
classification of Type III-s. 

NGC 278 (III; SAB (rs)b): This galaxy appears to host a very weak bar; evidence for this is discussed in Sect ion 0] 
(see also iGarridol 12003) . The wiggles between about 11" and 30" come from a dust ring of radius 11" (0.6 kpc) and 
tightly wound arms forming a pseudoring at 20" (1 kpc) radius. There is no visible structure in the outer zone, and 
the galaxy is so close to face-on that we cannot discriminate between disk and spheroid morphologies for the outermost 
light. 

NGC 949 (Ill-d; SA(rs)b): The bulge shows strong streaks of dust, and is really bright out to 15.6" (830 pc). 
Further out the disk is smooth and shows no real evidence of spiral structure. The isophotes beyond the break radius 
appear to have approximately the same shape as those inside (though there may be a slight position-angle twist), so we 
consider this a Ill-d profile. As the ellipse fits show a roughly constant ellipticity inwards as far as some 10 arcseconds 
from the center, it is probable that nominal ph otometric bulge (r > arcsec) is in fact a "disky pseudobulge" (see 
IKormendv fe Kennicuttll2004t lErwin et alJl2003f >. 

NGC 972 (III-s; Sab): This has a complex bulge with an obvious high dust content, irregularly distributed. The 
spiral form can just be discerned in the disk. Beyond 43" (4.5 kpc) the disk is smooth, and gives way to two lobes 
further out (more visible to the North) which may be arm fragments, or an external pseudoring at 90" (9.5 kpc). It 
is at this point where the antitruncation begins. The ellipticity starts to fall systematically from the break, which 
accounts for our classification as Type III-s. 

NGC 1068 (II.o-OLR; (R)SA(rs )b): This is the closest Seyfert 2 galaxy. Although the RC3 classification is 
(R)SA(rs)b, it is in fact dou ble-barred. | Erwinl (120041 ) summarizes the evidence for both bars, including the inne r bar 
first detected in t he NI R bv lScoville et al.l (|1988t l and the "oval disk" first noted bv IKormendv fe Normanl (|1979( ): see 
iSchinnerer et al.l ((2000) for evidence that the latter structure is dynamically barlike. Because the galaxy is so large in 
angular size, we combined a total of three adjacent SDSS fields. The center is somewhat dusty, so that we used a z 
image to determine the center, and then translated this information to the r image. Although we derive a somewhat 
higher inclination and a different PA than did PT06, we get the same classification (this is the only overlap of our 
sample with PT06). 

NGC 1161 (I; SO ): iFranco-Balderas et al.l (|2003f) suggested for this object the classification SAB0 pec. However, 
we find no evidence for a bar in this galaxy. Their suggestion might be due to the presence of a weak dust lane at ~ 
8" (1.1 kpc) from the center of the galaxy. No break in the profile is seen out to at least 4 scalelengths. 

NGC 2300 (I; SAO ): Some observers have classified this as an elliptical (jHuchtmeierl (|1994f ) classified it as E3), but 
its profile belies this. Asymmetries are seen in the outer disk, notably in the NE where a lobe is seen at ~ 170" (some 
24 kpc) from the center, possibly due to an interaction. NGC 2276 is optically close (at 7.6 / ), though the two redshift s 
(~ 1905 km s _1 and ~ 2410 km s _1 ) are sufficiently different to cast doubt on an interaction ([Sandage fc Bedkelll994D. 
In the same direction from the center as the extended lobe, but at a slightly smaller radius (90"). iFabbiano et al.l 
(1992) found a source of X-ray emission with no optical counterpart. The profile is of Type I and it reaches ~ 530" 
(75 kpc) from the center before reaching our 4.94 cr s k y uncertainty limit. No break in the profile is seen out to at least 
4 scalelengths. 

NGC 2460 (II-CT; SA(s)a): This galaxy has a tightly wound multi-armed spiral structure starting deep inside 
the galaxy. Even in what should be the genuine bulge there is a lot of structure. In the outer zone the two arms 
join to form a single arm, yielding an unusual appearance. This seems to be associated with the surface brightness 
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truncation. There are no signs of a bar or a ring. 

NGC 2775 (III-d(?); SA(r)ab): In this galaxy there is a bright nucleus in an elliptical genuine bulge. The disk 
extends in a multi-armed structure out to 85" (7.4 kpc) from the center, where there is a band of dust absorption. 
From this point outwards the galaxy continues without fine structure forming what may be a stellar halo. This idea 
is backed up by the isophotes, whose ellipticity declines from 85" (11.2 kpc) reaching a minimum at 213" (18.5 kpc). 
Nevertheless the ellipticity increases again and the surface brightness profile is an almost perfect exponential between 
138" (12 kpc) and 345" (30 kpc), suggesting that it has disk structure. This is why we have classified the profile as 
Type III-d(?), with the question mark. The radius where the fine structure ends coincides with the point where the 
profile breaks, and the antitruncated disk begins. 

NGC 2985 (Ill-d; (R')SA(rs)ab): The central part of the disk (out to 43") has a tightly wound multi-armed 
structure, followed by another weaker spiral which extends out to 107" (11 kpc). From there on out the spiral arms 
are more tenuous, forming a pseudo-ring near 68" (7 kpc). The image quality does not let us trace the profile reliably 
further out than 312" (32 kpc), but the profile is clearly Type III. Since the ellipticity at r ~ 150-200" is only 
marginally higher than the ellipticity further inside, and since spiral structure is clearly visible beyond the break 
radius, we classify the profile as Ill-d. 

NGC 3031 (II.o-OLR; SA(s)ab): This galaxy is the nearest in our sample, at 3.6 Mpc. We found a bar of 
~ 17" (300 pc) rad i us wh ich coincides with a maximum in the ellipticity; this is the small bar previ ously reported 
bv | Elmegreen et al.l ((T995). Inspection and ellipse-fitting of Spitzer IRAC images (Program ID 1035; iWillner et afl 
120041) provides evidence for a bar with 136" (2.4 kpc) as the semi-major axis of maximum isophotal ellipticity (a max ) 
and 216" (3.8 kpc) as an upper limit on t he bar size (Lbar), with the latter estimated from the apparent inner ring 
in GALEX images (|Gil de Paz et al.1l2007|) . (The boxy morphology in this region also suggests a bar; see Erwin & 
Debattista, in prep.) Two outer arms open up quickly from a radius of 250 " (4.4 kpc), forming an in complete outer 
pseudoring. We measured the outer pseudoring on both a VLA 21 cm image (jAdler fe Westpfali3ll99 6) and a GALEX 
NUV image, both available from NED. Since the SE arm of the outer pseudoring is more symmetric, and can be seen 
to wrap around onto the NW arm, we measured from the nucleus to the center of the SE arm at its maximum extent. 
In both images, this yielded a semi-major axis of ~ 570" (~ 10 kpc), which we adopted as the radius for the outer 
pseudoring. Since the break in the surface brightness profile is only slightly inside (and a matching bump can be seen 
on top of the underlying broken exponential at r ~ 600"), this is a good example of an OLR break. 

The outer-disk orienta tion for this galaxy (PA = 150°, i — 58°) is based on the analysis of H I data in 
lAdler fc~W estpfahl (|1996l ): almost identical values can be found using the large-scale (r > 1000") isophotes. 

NGC 3032 (I; S AB(r)0°): Although thi s galaxy is classified in the NED as SAB(r)0° there is no observable bar; 
see the discussion in lErwin fc Spark c (2003). There is a weak ring between 15" (1.6 kpc) and 22" (2.3 kpc), and 
another peak in ellipticity close to 32" (3.3 kpc) which could be due to a weak arm-like feature. The nucleus is very 
bright and point-like. This is the only galaxy for which we combined exposures from different runs. No break in the 
profile is seen out to at least 5 scalelengths. 

NG C 3169 (I; SA(s)a pec): This is a peculiar galaxy, clearly interacting with NGC 3166 (|Mollenhoff fc Heidtl 
1200 ll ). as seen from the weak low brightness bridge. Its bulge is large, though with consi derable dust, an d its s piral 
structure is filamentary. In spite of its irregularities, the brightness profile is of Type I. lEskridee et al.l (2002) did 
me ntion "evidence for a weak bar" , b ut we do not find any sign of this, in agreement with iLaurikainc n et al 
and iMenendcz-Dclmc stre et al.l (|2007f ). No break in the profile is seen out to at least 6 scalelengths. 

NGC 3245 (III-s; SA(r)0°): The ellipticity profile shows a peak at 15" (1.5 kpc), which coincides with a ring 
with inner and outer semiaxis lengths 12" and 1.9", respectively. This ring appears diffusely distributed along the 
minor axis (Michard & Marchal 1994 call it a "curious grey asymmetry") so that it might perhaps be considered a 
bar, but this is not clear. The surface brightness profile shows an antitruncation with break point at 120" (12 kpc). 
The ellipticity decreases continuously, from ~ 0.48 at 50" (5 kpc) to 0.2 at 160" (16 kpc), so we classify this as Type 
III-s. 

NGC 3455 (II-CT + Ill-d; (R')SAB(rs)b): Although this galaxy is classified as SAB, we were unable to find 
any convincing evidence for a bar. The ellipticity of the isophotes stays roughly constant out to at least ~ 100" (7.5 
kpc), well beyond the antitruncation break (i?brk = 40"); in addition, two spiral arms extend out to r ~ 70" (5.4 kpc). 
Thus, we are confident that the outer profile is Ill-d. 

NCG 3599 (I; SAO ): This galaxy, almost face-on, has a weak ring between 45" (4.3 kpc) and 71" (6.8 kpc) and 
a small bar ~ 11 " (1.05 kpc) long (see Figure[3]). No break in the profile is seen out to at least 6 scalelengths. 

NGC 3604 (III-d(?); SA(s)a pec): The inner region of this galaxy is dusty and slightly asymmetric, while one 
or more arcs and a spectacular off-center tidal tail dominate the outer regions, indicating that this galaxy is in the 
midst of an interaction. The outer profile is clearly affected by the arcs and tidal arm; we tentatively classify the 
profile as Ill-d only because the outer light is so clearly not anything like a "spheroid" ; it is conceivable that the tidal 
structures could eventually evolve into something more spheroid-like. This antitruncation might possibly be caused by 
UGC 6306 at 3 arcminutes from NGC 3604, if the measured radial velocity difference (170 km s^ 1 ) is due to orbital 
motion rather than the Hubble flow. 

NGC 3607 (I; SA(s)0°): The circular dust lane does not appear to have a significant influence on the brightness 
profile. The central region of the bulge is structured, and may contain an internal disk. However this is not resolvable 
in our image. No break in the profile is seen out to at least 4 scalelengths. 

NGC 3619 (III; (R)SA(s)0 + ): This is probably a nearly face-on shell galaxy. Four shells, which show up as arcs, 
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can be seen, two at 129" (14.9 kpc) and two weaker arcs at 185" (21.3 kpc) and 200" (23.1 kpc). One of the two inner 
arcs might be the extension of an arm. This structure makes it difficult to determine the galaxy's orientation, though 
the inner isophotes are very round and the galaxy is probably close to face-on. The surface brightness profile is clearly 
of Type III, with a gradual change of gradient around the break; the outer slope is the region where the shells/arcs 
show up. 

NGC 3626 (I; (R)SA(rs)0 + ): Although classified as unbarred, this galaxy has a broad bar structure of radial 
length between 21" (2 kpc) and 47" (4.4 kpc) (Figure [SJ, surrounded by a pseudo-ring at 71" (6.7 kpc) radius. It also 
has a secondary bar of radius ~ 4" (400 pc), along with a ring at 5.2" (490 pc) and a clear dust ring at 15" (1.4 kpc). 
No break in the profile is seen out to at lea st 6 scalelength s. 

NGC 3675 (III - s; SA (s)b): Although lEskridge et all (|2000f ) say that this galaxy shows a strong bar in the IR, 
iMollenhoff fc Heidtl (|2001l ) find no indication of a bar in their JHK observations, and we find no signs of a bar in either 
the SDSS images or any of the publically available near-IR images. A very bright nucleus is surrounded by a spiral 
disk, with a dust structure which shows up more strongly in the East, suggesting a possible warp. The profile is Type 
III with a break at ~ 154" (9.6 kpc); since the ellipticity decreases steadily out to the limits of our free-ellipse fitting 
(ellipticity = 0.3 at r ~ 270"), we classify this as III-s. 

NGC 3813 (II-CT+III-s; SA(rs)b): This is a small spiral, of irregular form with a bright nucleus. In the 
spiral structure there are bright knots. The brightness profile is quite noisy beyond 160" (17 kpc). There is a sharp 
downward break in the profile slope at 43" (4.6 kpc), making for a Type II profile. However, beyond ~ 70" (7.5 kpc), 
still used for the fit, the profile becomes shallower, accompanied by much rounder isophotes (the ellipticity drops from 
> 0.6 to ~ 0.25 between 50" and 65"), so the outer profile is pretty clearly III-s. 

NGC 3898 (Ill-d; SA(s)ab): A bright nucleus sits within a bulge well defined out to 27" (2.5 kpc) on the SDSS 
image. From this point outwards we see a clear disk, with a multi-armed spiral structure out to some 90" (8 kpc). 
The surface brightness is very low beyond this radius, but there are clear signs of an arm going out to beyond 220" 
(20 kpc). This outer zone retains the ellipticity of the inner (~ 0.4). So we consider it an extended part of the disk; 
thus, this is a Type Ill-d profile. The break is found at r ~ 111". 

NGC 3900 (III-d; SA(r)0+): A ring between 31" (3.9 kpc) and 47" (5.9 kpc) bounds the denser part of the disk, 
surrounded by a fainter zone with a spiral form. The ring shows up as a feature with local changes in gradient on the 
brightness profile. The isophotes remain highly elliptical beyond the break; for r > 240" (30 kpc), they actually become 
more elliptical, which might hint at a warp or interaction affecting the outer disk. The broad, smooth transition zone 
between the inner and outer exponentials is similar to that seen for the Type Ill-d profiles of NGC 3489 and NGC 7177 
in Paper I. It could indicate that we are seeing two co-extensive, superimposed components, though the high ellipticity 
of the isophotes implies that both components have a similar flattening. 

NGC 3998 (III-d(?); SA(r)0 ?): In this object we see a small bar (~ 7.8"; 0.6 kpc) and a ring between 30" 
(2.1 kpc) and 50" (3.5 kpc) which produces a slight bu mp on the brightness profile, and coincides with a peak in the 
ellipticity at 36" (2.4 kpc). iSanchez-Portal et al.l (|2004f ) claimed that this galaxy has a Freeman Type II disk, with a 
cut-off at 30" (2 kpc), but this is probably just the effect of the bump associated with the ring. Our profile extends 
out to ~ 350" (23 kpc) and shows an antitruncation with its break point at 120" (8 kpc). As this galaxy is only 
slightly inclined, so that its ellipticity is low over the whole of the disk, both inner and outer, it is not easy to say that 
there is no surrounding stellar halo. However, the fact that isophotes outside the break show no significant decline in 
ellipticity leads us to classify this as Type III-d(?), albeit with some uncertainty. 

NGC 4138 (Ill-d; SA(r)0 + ): The bulge of this galaxy is surrounded by a dust lane, which subtends almost a 
semi-circle at the center. The contrast between this dust feature and the bright spiral structure arising from the bulge 
can explain the "ring" classification of this object. In the brightest zone, at ~ 20" (1.3 kpc) radius the ellipticity 
peaks, and there is slight bump in the brightness profile. The profile as a whole is of Type III, with a sharp change of 
slope at the break point. Traces of spiral structure can be seen out to approximately the break radius; the ellipticity 
of the isop hotes remains almost per fectly constant out to at least 140" (9 kpc), making this a clear Ill-d profile. We 
agree with lSandage fe Bedkd (|1994[ ) that SO is not the best classification for this galaxy. However, we want to retain 
the original classification here for purposes of discussing RC3 Hubble type statistics. 

NGC 4150 (III-s; SA(r)0°): The innermost isophotes of this galaxy are distorted by a roughly circular dust lane 
(radius ~ 6 . 6"); there is fine spiral an d irregular dust structure at smaller radii, clearly visible in HST images (e.g., 
lLauer et al.l 119951 : lOuillen et al.ll2000D . The ellipticity declines steadily for r > 45" (3 kpc), which suggests gradual 
domination of the light by a rounder outer structure, hence the III-s profile classification. 

NGC 4223 (III-s(?); SA(s)0 + ): The bulge is encircled by a very tight spiral forming a pseudo-ring between 35" 
and 46" (2.8 and 3.7 kpc) in radius. Further out, at ~ 80" (6.5 kpc), we see two extended arms in an elongated S 
shape, which cause the isophotes to become more elliptical. The isophotes appear to become rounder for r > 100" (8 
kpc) (though we cannot measure isophote shapes at r > 190"), which leads us to tentatively classify this profile as 
III-s. 

NGC 4281 (III-s; S0 + ): The ellipticity of this galaxy rises to a relatively constant plateau value (the latter 
covering the range 22" - 55"), and then falls smoothly at larger radii. This suggests an inclined disk embedded in a 
rounder, luminous spheroid, making this a clear if somewhat extreme example of a Type III-s profile. There is a small 
dust ring with radius ^9" (1 kpc), which produces a dip in the ellipticity profile. 

NGC 4369 (II-Q + III; (R)SA(rs)a): Although classified as unbarred, near-IR images show a very strong, short 
bar ([Knapen et al.ll2~OO0D . In our image we detect a ring between 36" and 57". The coincidence of this ring with the 
Type II break might suggest an OLR break; however, the break is at ~ 5 times the bar radius, which is well outside 
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the usual range seen in Paper I. Consequently, we leave the inner classification at II. o. Since the galaxy is essentially 
face-on, with no visible evidence for spirals beyond the break at r ~ 112" (9 kpc), we are unable to sub-classify the 
outer part of the profile. 

NGC 4459 (Ill-d; SA(r)0 + ): This object has a bright nucleus and a dust ring out to 8" (620 pc). In fact this 
"ring " has a very fine multi-armed spiral structure, clearly visible in HST ACS images (see Fig. 7 of iFerrarese et ahl 
2006). This structure gives the outer part of the bulge (which should really be termed a pseudobulge; Kormendy & 
Kennicutt 2004) a ring- like appearance and a minimum in the ellipticity, as well as a small jump in the brightness 
profile. From 55" (4.3 kpc) to 270" (21 kpc) the profile is a double exponential, with the break at 120" (9.3 kpc); since 
the ell ipticity is roughly constant out to at least 200" (16 kpc), we judge this to be a Ill-d profile. iMichard fc Marchal 
(| 19941 ) refer to this galaxy as a "well-known SO dominated by a disk" . 

NGC 4578 (I; SA(r)0°): A broad, weak ring between 50" (4 kpc) and 90" (7 kpc) produces a clear bump in 
the surface brightness profile; the underlying profile is clearly Type I. No break in the profile is seen out to at least 6 
scalelengths. 

NGC 4736 (II.o-OLR; (R)SA(r)ab): This is one of the two cases where we have made a mosaic of INT-WFC 
images, since this galaxy is very large. Although traditionally classified as unbarred, NGC 4736 has in fact two bars of 
semi-major axis lengths 170" (4.2 kpc) and 25" (0.6 kpc), respectively. The outer bar is weak, and has been classified 
by some authors as an "oval disk" . However, there is evidence that its dynamical behavior is that of a bar (see, e.g., 
the discussion in|Erwin 2004|). This is a similar system to NGC 1068, although the outer pseudoring in NGC 4736 is 
relatively faint. 

NGC 4750 (Ill-d; (R)SA(rs)ab): There is a ring formed by tightly wound spiral structure at some 16" (2 kpc) 
radius and a similar structure at ~ 45" (5.5 kpc) radius. There are indications in the optical images of a weak bar 
of len gth some ~ 4" (490 pc); this is consistent with the known nuclear bar detected in the near-IR by lLaine et al.l 
( 2002) . These features produce some waviness in the inner part of the brightness profile. See Section [4] for discussion 
of the weak, large-scale bar. In the outer zone the disk is elongated N-S, and at the extremities we detect material 
apparently being accreted onto the disk; the antitruncated profile may be due to this accreting material. 

NGC 4772 (I; SA(s)a): Evidence for a very large, faint bar in the galaxy is discussed in Section 21 Our best 
estimate for th e galaxy's overall ori entation using the outermost low S/N isophotes in the SDSS image is consistent 
with that from lHavnes et all ((2000). Given that the bar extends to at least ~ 85" (6 kpc) in radius, we consider 
the profile out to ~ 110" (8 kpc) to be part of the extended excess light associated with the bar (as in other barred 
galaxies profiles, e.g., NGC 278, 4369, and 4750, or numerous examples in Paper I). Consequently, we fit the profile 
outside that radius as the outer disk proper; the result is a Type I profile. T he broad bump in the profile centered at 
r ~ 200" (14 kpc) appears to correspond with the outer H I ring reported bv lHavnes et al.1 (|2000( k see the discussion 
in Section |4] and Figure [H No break in the profile is seen out to at least 5 scalelengths. 

NGC 4826 (III-s; (R)SA(rs)ab): This is the second of two galaxies for which we had to create a complete mosaic 
from individual fields of the INT-WFC. It has an outer ring of ~ 180" (6.3 kpc) radius. The strong dust structure 
within this object causes the brightness profile to be somewhat wavy at ~ 60" (2 kpc). The ellipticity of the isophotes 
drops sharply beyond r ~ 340" (12 kpc), coinciding with the appearance of the outer, shallower profile, which is good 
evidence for a rounder spheroid surrounding the disk proper. 

NGC 4880 (II-CT; SA(r)0+): The surface brightness profile shows a truncation at ~ 68" (6.5 kpc). The inner 
disk has spiral structure with thick tightly wound but not very well defined arms. Given the dust in the inner disk, it 
is difficult to completely rule out a weak bar in this galaxy, but in the absence of stronger evidence we consider this 
galaxy to be unbarred. 

NGC 4941 (I; (R)SAB(r)ab): On this image we can see, between 37" and 73", a bright annular region which is 
clearly a disk with strong streaks of dust in front of it. We can also see a broad but weak bar (out to 95"; see Figure [7]) 
at the extremities of which the re is an outer ring, between 8 1" (5.9 kpc) and 120" (8.7 kpc) (this bar plus ring structure 
was termed an "oval disk" bv lKormendv fc Normanl[l9 79). The ring produces a bump in surface brightness which is 
seen above the exponential disk component. Classification of this profile is not straightforward, but overlooking the 
internal waviness and concentrating on the outer part of the disk we find that we are dealing with a Type I profile. 
No break in the profile is seen out to at least 6 scalelengths. 

NGC 5273 (II-CT + Ill-d; SA(s)0°): Between r ~ 26" (2 kpc) and 44" (3.4 kpc) there is a ring onto which two 
inner spiral arms converge. The form of the brightness profile makes this a Type Il+III-d, but there is some ambiguity. 
For example, it is possible that the combination of bulge and ring produces a broad excess in the inner part of the 
galaxy, superposed on a Type I profile. Although the ellipticity is low, it remains almost constant out to ~ 150" (11.7 
kpc), leading us to classify the outer profile as Ill-d. 

NGC 5485 (I; SAO pec): This galaxy is classified as peculiar. It has a 40-arcsec-long dust lane which crosses 
the bulge close to the nucleus, perpendicular to the major axis. Between 112" (14 kpc) and 178" (22 kpc) we see a 
very weak ring, which produces a slight, extended bump in the surface-brightness profile. Although the profile clearly 
extends beyond 400" (50 kpc), we have not measured it further out as stray light affects the outer region. No break 
in the profile is seen out to at least 4 scalelengths. 

NGC 5520 (I; Sb): This object has a dusty and asymmetric spiral structure extending out to the edge of the 
measured disk, but in spite of this the profile is clearly Type I. We think the bump at ~ 12" is related to the dusty 
and asymmetric structure. No break in the profile is seen out to at least 6 scalelengths. 

NGC 6340 (III; SA(s)0/a): This face-on galaxy shows a faint dust lane near the nucleus coming in from the 
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west. It has several fine tightly wound arms wrapped around the bulge in almost circular structures, and there are 
a number of dust lanes between the bulge and the rest of the disk; this extends outwards to large radii following an 
antitruncation. Traces of stellar spiral structure can be seen in unsharp masks out to r ~ 85" (8.3 kpc). Since the 
galaxy is approximately face-on and we do not see any spiral structure at larger radii, we cannot determine whether 
the profile outside the break is still part of the disk or not; thus, the profile is an undefined Type III. 

NGC 7217 (III; (R)SA(r)ab): The bulge of this galaxy, as normally defined (out to some 52") is in fact filled 
with dust structures in loosely spiral forms. At some 72" (5.2 kpc) out from the center of this galaxy, a tightly wound 
spiral of filamentary arms forms a pseudo-ring which quickly (at ~ 100") dissolves into a smooth structure further 
outside. This regions shows up in the surface-brightness profile as a bump on top of the antitruncation transition. 
This galaxy is too close to face-on, and too featureless in the outer regions, for us to determine whether the outer light 
is from a spheroid or a continuation of the disk. 

NGC 7457 (Ill-d; SA(rs)0~?): There is no notable structure in this SO galaxy, and the brightness profile is quite 
smooth. It shows an exponential slope beginning at r ~ 20" (1.3 kpc), with a break to shallower gradient at i?brk ~ 
42" (2.6 kpc). Outside the (rounder) photometric bulge region, the ellipticity of the isophotes is virtually constant 
with radius, indicating that we are seeing a disk at all radii. 

UGC 3580 (I; SA(s)a pec): In this galaxy we can see considerable structure even within the inner part of the 
bulge, close to the nucleus. A weak ring of "knots" encircles the bulge at ~ 28" (2.6 kpc) radius. No break in the 
profile is seen out to at least 6 scalelengths. 

UGC 4599 (Ill-d; (R)SA0°): This is a face-on galaxy with striking ring composed of tightly wound spiral arms. 
Spiral arms begin at a radius of ~ 40" (6 kpc) and wind out to form a ring with a radius of ~ 55" (8 kpc), forming 
a clear bump in the surface brightness profile. Faint spiral structure can be seen as far out as ~ 200" (27 kpc) to 
the southeast; this leads us to classify the outer-disk profile as Ill-d. Interior to the aforementioned ring, the galaxy 
is smooth, featureless, and close to circular. Given the complete absence of any barlike structure, it is tempting to 
speculate that this ring might be a collisionally generated structure, rather than an OLR resonance ring. Because the 
available i?-band images were of poor quality, we used a B-band image to trace the outer disk profile. 
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Fig. 14. — Azimuthally averaged radial surface brightness profiles in the R-band (except for UGC 4599, which is B-band) for the galaxies 
discussed in this paper. The galaxy name, Hubble type, and disk profile type are given in the upper right of each panel. Vertical arrows 
indicate R25, and dashed lines show exponential fits (a single fit for T ype I, two for Type II and Type III profiles, and t hree fits for Type II 
+ III), where the squares show the limits used for the fit (see Section l2.4l l; the sky uncertainty limit (see Section |2. 3. 2H is indicated by the 
horizontal dashed lines. Vertical dot-dashed lines indicate radii of prominent rings. For galaxies with bars, vertical dotted lines indicate 
lower and upper limits on the bar radius. Only outer bars are shown for double barred galaxies. 
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TABULATED SURFACE BRIGHTNESS PROFILES 

(The full tables of the brightness profiles for the whole set of galaxies listed in Tables 1, 2, 5, and 6 are available in 
the on-line version.) 



IC 356 



a 

arcsec 


mag arcsec 


1.01 


17.13 


1.04 


17.14 


1.07 


17.15 


1.10 


17.17 


1.13 


17.18 


1.17 


17.20 


1.20 


17.22 


1.24 


17.24 


1.28 


17.26 


1.32 


17.28 



